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(57) ABSTRACT 

Embodiments of methods, apparatus, and systems for extract 
ing impedance for a circuit design are disclosed herein. Some 
of the disclosed embodiments are computationally efficient 
and can accurately compute the frequency-dependent imped 
ance of VLSI interconnects and/or intentional inductors in the 
presence of multi-layer conductive Substrates. In certain 
embodiments, the resulting accuracy and CPU time reduction 
are a result of a Green's function approach with the correct 
quasi-static limit, a modified discrete complex image 
approximation to the Green's function, and a continuous 
dipole expansion to evaluate the magnetic vector potential at 
the distances relevant to VLSI interconnects and intentional 
inductors. 
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HIGH-FREQUENCY VLSI INTERCONNECT 
AND INTENTIONAL INDUCTOR 

IMPEDANCE EXTRACTION IN THE 
PRESENCE OF A MULTI-LAYER 
CONDUCTIVE SUBSTRATE 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

0001. This application claims the benefit of U.S. Provi 
sional Application No. 61/034.978 entitled "High-Frequency 
Mutual Impedance Extraction of VLSI Interconnects in the 
Presence of a Multi-Layer Conducting Substrate” filed Mar. 
8, 2008, and U.S. Provisional Application No. 61/053,660 
entitled “High-Frequency VLSI Interconnect Impedance 
Extraction in the Presence of a Multi-Layer Conductive Sub 
strate” and filed May 15, 2008, both of which are hereby 
incorporated herein by reference. 

FIELD 

0002. This application pertains generally to the field of 
analyzing the electrical characteristics of circuit designs. For 
example, embodiments of the disclosed technology can be 
used to perform impedance extraction for circuit layouts (in 
cluding layouts with intentional inductors) in the presence of 
a multi-layer substrate (e.g., as part of a physical verification 
process). 

BACKGROUND 

0003. As VLSI technology continues to scale, the number 
of wires in an integrated circuit, as well as the impact of the 
wires on circuit delay, noise, and power dissipation, increases 
rapidly. Hence, impedance extraction techniques that are 
computationally efficient as well as reasonably accurate are 
desired. However, interconnect impedance extraction pre 
sents a challenging task owing to the sheer size of the prob 
lem, both interms of computation time and required memory. 
The complexity of the extraction problem is further com 
pounded as lithography scaling enables faster transistors, 
driving maximum signal propagation frequencies on inter 
connects into the range of 20-100 GHz. In this frequency 
regime, it is desirable to analyze the effect on interconnect 
circuit parameters arising from the presence of complex sub 
strate structures underneath or over the interconnect layers. 
The underlying physics includes, for example, transient cur 
rents in interconnects that are the sources of time-varying 
magnetic fields, which in turn induce currents in other inter 
connects as well as eddy currents in the lossy substrate. The 
presence of these eddy currents modifies the impedance 
matrix of the interconnects. At high frequencies, the effect of 
a low resistivity substrate on interconnect impedance can be a 
matter of significant concern. Often, a very high-resistivity 
(-1000 S2-cm) substrate is used (underlying a low-resistivity 
surface layer for active devices) in radio-frequency or mixed 
signal ICs in order to substantially decrease the importance of 
substrate eddy currents. However, low-resistivity substrates 
continue to be used for latch-up avoidance. Hence, in order to 
efficiently and accurately compute the impact of the multi 
layer substrate on interconnect impedance, it is desirable to 
use a parasitic extraction methodology that incorporates this 
effect. 
0004. In general, conventional interconnect extraction 
tools are too expensive, in terms of computation time and/or 
memory, to handle this problem. For example, with the indus 

Sep. 10, 2009 

try standard tool Fasthenry, the substrate must be specified as 
an explicit conductive layer(s) demanding several thousand 
filaments at high frequencies. The resulting linear system is 
rapidly overwhelmed by the size requirements related to the 
partitioning of the substrate, even for single-layer substrate 
media. This constitutes orders of magnitude overhead in com 
putation time and memory requirements, even for the sim 
plest interconnect configurations. 
0005. Accordingly, improved methods for performing 
interconnect impedance extraction in the presence of a multi 
layer conductive substrate are desired. 

SUMMARY 

0006 Disclosed below are representative embodiments of 
methods, apparatus, and systems for performing interconnect 
impedance extraction in the presence of a multi-layer con 
ductive substrate. For example, embodiments of the disclosed 
technology comprise computationally efficient methods to 
accurately compute the frequency-dependent impedance of 
VLSI interconnects in the presence of multi-layer conductive 
substrates. The disclosed methods, apparatus, and systems 
should not be construed as limiting in any way. Instead, the 
present disclosure is directed toward all novel and nonobvi 
ous features and aspects of the various disclosed embodi 
ments, alone and in various combinations and Subcombina 
tions with one another. The methods, apparatus, and systems 
are not limited to any specific aspect or feature or combina 
tion thereof, nor do the disclosed embodiments require that 
any one or more specific advantages be present or problems 
be solved. 
0007. In one disclosed embodiment, semiconductor chip 
design information is received. The semiconductor chip 
design information comprises substrate profile information 
indicating electrical characteristics of a multi-layer substrate 
over or under which a circuit design is to be implemented. 
Parameters are computed for an approximation of the multi 
layer substrate's contribution to a Green's function at one or 
more frequencies of interest. A representation is generated of 
the multi-layer substrate's contribution to the Green's func 
tion using the computed parameters. Impedance values are 
computed and output for signal-wire segments in the circuit 
design using the representation of the multi-layer substrate's 
contribution to the Green's function and using geometrical 
information about the circuit design (e.g., the impedance 
values can be stored as an impedance matrix in Volatile or 
nonvolatile computer memory). In some implementations, 
the signal-wire segments in the circuit design can comprise 
signal-wire segments for an intentional inductor. Further 
more, in certain implementations, the parameters for the 
approximation of the multi-layer substrate's contribution to 
the Green's function can be computed for a plurality of fre 
quencies of interest. The parameters of the approximation can 
be computed, for example, by fitting a non-linear least 
squares problem (e.g., using a variable projection technique). 
In some implementations, circuit design information is also 
received. The circuit design information can comprise infor 
mation indicative of a geometric layout of at least signal-wire 
segments and ground-wire segments in the circuit design. In 
particular implementations, the circuit design can be a first 
circuit design, the circuit design information can be first 
circuit design information, and the geometric layout can be a 
first geometric layout. In such implementations, second cir 
cuit design information can be received, where the second 
circuit design information comprises information indicative 
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of a second geometric layout of at least signal-wire segments 
and ground-wire segments in a second circuit design. In addi 
tion, the parameters for the approximation of the multi-layer 
substrate's contribution to the Green's function can be reused 
to compute impedance values for the signal-wire segments in 
the second circuit design. In certain implementations, the 
circuit design can be modified based at least in part on the 
computed impedance values. In some implementations, a 
netlist representative of electrical characteristics of the circuit 
design and comprising the impedance values can be gener 
ated. For example, the circuit design can include an inten 
tional inductor, and the netlist can comprise information 
about a resistance part and a reactance part of the electrical 
characteristics exhibited by the intentional inductor. In some 
implementations, the impedance values comprise mutual 
impedance values and self impedance values. 
0008. In another embodiment disclosed herein, semicon 
ductor chip design information is received. The semiconduc 
torchip design information comprises Substrate profile infor 
mation for a Substrate over or under which a circuit design is 
to be implemented. A representation of electrical effects of 
the Substrate at an operating frequency of interest is generated 
and stored. The representation of this embodiment represents 
the electrical effects of the substrate as a combined effect of a 
linear combination of complex exponentials. In particular 
implementations, the complex exponentials include unknown 
parameters, which can be computed using a non-linear least 
squares fitting technique. Further, the complex exponentials 
can correspond to images in a vector potential formulation 
caused by source magnetic dipoles. In some implementa 
tions, the Substrate has multiple layers. In certain implemen 
tations, representations can be generated and stored for mul 
tiple other operating frequencies of interest. In further 
implementations, layout information indicative of at least 
signal-wire segments in a circuit design is received. In these 
implementations, impedance values for the signal-wire seg 
ments in the circuit design can be computed using the repre 
sentation of the electrical effects of the substrate at the oper 
ating frequency of interest and stored. 
0009. In another embodiment disclosed herein, layout 
information indicative of at least signal-wire segments in a 
circuit design is received. At least one signal-wire segment is 
identified as having a length that exceeds a transverse dis 
tance to a nearest neighboring return path by more than a 
threshold amount (e.g., 20 times). A first impedance extrac 
tion technique is performed for the at least one signal-wire 
segment identified. The first impedance extraction technique 
generates a first representation of impedance effects in the 
circuit design. A second impedance extraction technique is 
performed for other signal-wire segments in the circuit 
design. The second impedance extraction technique gener 
ates a second representation of the Substrate effect on imped 
ance in the circuit design. In this embodiment, the first imped 
ance extraction technique and the second impedance 
extraction technique both account for electrical effects caused 
by a multi-layer substrate. Furthermore, the first impedance 
extraction technique is computationally more efficient but 
less accurate than the second impedance extraction tech 
nique. In certain implementations, the first representation is 
refined using the second representation to generate a com 
plete representation of the impedance effects in the circuit 
design. The first impedance extraction technique performed 
in this embodiment can use an approximation of a two-di 
mensional Green's function and the second impedance 
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extraction technique can use an approximation of a three 
dimensional Green's function. Furthermore, in particular 
implementations, both the first impedance extraction tech 
nique and the second impedance extraction technique do not 
represent the multi-layer Substrate as a plurality of filaments. 
0010. In another disclosed embodiment, layout informa 
tion indicative of at least signal-wire segments in a circuit 
design is received. Substrate profile information indicative of 
electrical characteristics of a Substrate (e.g., a multi-layer 
substrate) over which the circuit design is to be implemented 
is also received. An impedance extraction technique is per 
formed using the layout information and the Substrate profile 
information. In this embodiment, the impedance extraction 
technique generates a plurality of impedance values for the 
signal-wire segments, but does not represent the Substrate as 
a plurality of filaments during impedance extraction. A rep 
resentation of electrical characteristics of the circuit design is 
generated. The representation can be, for example, a netlist 
that includes the impedance values. In certain implementa 
tions, the impedance extraction is performed using an 
approximation of a Green's function in the presence of the 
Substrate. The Green's function can be due to a magnetic 
dipole. Furthermore, in Some implementations, the imped 
ance extraction can be performed using a representation of the 
Substrate that comprises a Superposition of complex exponen 
tials. The representation of the electrical characteristics of the 
circuit design is a netlist that includes the impedance values. 
0011 Embodiments of the disclosed methods can be per 
formed by Software stored on one or more tangible computer 
readable media (e.g., one or more optical media discs, Volatile 
memory components (such as DRAM or SRAM), or nonvola 
tile memory or storage components (such as hard drives)) and 
executed on a computer. Such software can comprise, for 
example, an electronic-design-automation ("EDA) synthe 
sis or verification tool. Such software can be executed on a 
single computer or on a networked computer (e.g., via the 
Internet, a wide-area network, a local-area network, a client 
server network, or other such network). Additionally, any 
circuit description, design file, data structure, data file, inter 
mediate result, or final result (e.g., a portion or all of a Spice 
or Spice-type netlist having impedance information) created 
or modified using any of the disclosed methods can be stored 
on a tangible computer-readable storage medium (e.g., one or 
more optical media discs, Volatile memory or storage com 
ponents (such as DRAM or SRAM), or nonvolatile memory 
or storage components (such as hard drives)). Furthermore, 
any of the Software embodiments (comprising, for example, 
computer-executable instructions for causing a computer to 
performany of the disclosed methods) or circuit descriptions, 
design files, data structures, data files, intermediate results, or 
final results created or modified by the disclosed methods can 
be transmitted, received, or accessed through a suitable com 
munication means. 
0012. The foregoing and other objects, features, and 
advantages of the invention will become more apparent from 
the following detailed description, which proceeds with ref 
erence to the accompanying figures. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0013 FIG. 1 is a schematic block diagram of a general 
interconnect configuration with magnetic interactions 
between the two illustrated conductor loops. 
0014 FIG. 2 is a graph showing a comparison between the 
exemplary 2D impedance extraction embodiment disclosed 
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herein with a 3D computation (lefty-axis) as a function of the 
ratio of conductor lengths to transverse separation (L/S) in the 
presence of a 3-layer substrate, at 100 GHz. The error per 
centage due to the 2D impedance extraction embodiment is 
shown on the right y-axis. 
0015 FIG. 3A is a cross-sectional schematic diagram of 
an open line current located at (0, Z") lying above a three-layer 
Substrate. FIG.3B is a cross-sectional Schematic diagram of a 
two-dimensional magnetic dipole formed by two parallel 
opposing line current (-I and I) lying above a three-layer 
substrate. The third layer (Region R) extends to Z -oo. 
0016 FIG. 4 is a schematic block diagram showing a 
physical interpretation of the modified discrete complex 
images method (“DCIM) used in embodiments of the dis 
closed technology. 
0017 FIG.5A is a graph showing the approximation of the 
real part of g () using the exemplary 2D impedance extrac 
tion embodiment disclosed herein (with K=20) and ACIM for 
a 1-layer substrate, p=1 S2-cm. FIG. 5B is a graph showing 
the approximation of the imaginary part of g (0) using the 
exemplary 2D impedance extraction embodiment (with 
K=20) and ACIM for a 1-layer substrate, p=1 S2-cm. FIG.5C 
is a graph showing Monte-Carlo results for error in the sub 
strate Green's function using the exemplary 2D impedance 
extraction embodiment with respect to numerical computa 
tions. Monte Carlo simulations were done for frequencies of 
20-100 GHZ, Z-separations of 0.5-1.0 lum, X-separations of 
0.5-10 um. 
0018 FIGS. 6A-6Care Monte-Carlo simulations compar 
ing the approximation (Expression (20)) of the Substrate 
Green's function to a numerical evaluation of Expression (13) 
for a 2-layer substrate with K=20 image (FIG. 6A) and a 
3-layer substrate with two different profiles (FIGS. 6B and 
6C) with K=5 images. In the graphs, the frequency range is 
20-100 GHZ, Z-separations are 0.5-1.0 um, and x-separations 
are 0.5-10 um. 
0019 FIGS. 7A-7C are graphs showing the residual error 
(FIG.7A) and CPU time (FIG. 7B) on a 2 GHz processor for 
computing the complex images approximation using the 
DCIM and the exemplary 2D impedance extraction embodi 
ment disclosed herein for a 3-layer substrate at 90 GHz. FIG. 
7C is a graph showing residual error in the complex images 
approximation using DCIM and the exemplary 2D imped 
ance extraction embodiment for a 3-layer substrate with 5 
images as a function of frequency. 
0020 FIG. 8 is a graph showing the error in the substrate 
Green's function computation (Expression (20)) using DCIM 
and the exemplary 2D impedance extraction embodiment 
disclosed herein with respect to numerical computations for a 
3-layer substrate. In the graph, the number of images M=K=5. 
Monte Carlo simulations were performed for a frequency 
range of 20-100 GHZ, Z-separations of 0.5-1.0 um, and 
x-separations of 0.5-10 um. 
0021 FIG. 9A is a schematic block diagram of a source 
current loop represented as single dipole at its center (accord 
ing to the exemplary dipole approximation (“DA) disclosed 
herein) and resolved into horizontal and vertical components. 
FIG.9B is a schematic block diagram of a source current loop 
represented as a continuous distribution of magnetic dipoles 
along the line joining the two ends of the conductor loop. This 
approximation is valid even at very short distances from the 
Source loop. 
0022 FIG. 10A is a graph showing the mutual impedance 
(Z-joM) between a source current loop (shaded) and a victim 
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current loop (unshaded) in the presence of a 2-layer Substrate, 
for different separations X at the highest frequency of con 
cern (100 GHz). FIG. 10B is a graph of selfimpedance Z. 
of a conductor loop in the presence of a 2-layer Substrate as a 
function of frequency. The two-layer Substrate configuration 
is the same as in FIG. 6A, where the number of complex 
images K-5, and for each conductor the width w-0.1 um and 
thickness t-O.1 um (one filament per conductor). 
0023 FIG. 11 is a schematic block diagram showing wide 
and thick conductors discretized into multiple filaments. 
Bundle1 has m filaments in its signal wire and n filaments in 
its two return wires, forming D loops. Bundle1 carries total 
current I. Each d" loop in Bundle1 carries a fraction m of I. 
Bundle2 has p filaments in the signal and q filaments in the 
return wire, forming D. loops. 
0024 FIG. 12 is a graph showing self impedances of two 
multiple conductor bundles in the presence of a 3-layer sub 
strate computed using the exemplary 2D embodiment dis 
closed herein. Each conductor has a width w-1 um and thick 
ness t-0.5 um (5x3 filaments per conductor), number of 
complex images K-5. The maximum error shown in Z is 
19/6. 
0025 FIG. 13 is a graph showing self and mutual imped 
ances of two multiple conductor bundles in the presence of a 
3-layer Substrate computed using the exemplary 2D imped 
ance extraction embodiment disclosed herein. Each conduc 
tor has a width w of 0.1 um and a thickness oft-0.1 um (one 
filament per conductor). The number of complex images is 
K=5. 
0026 FIGS. 14A-C are graphs showing the self (FIGS. 
14A-B) and mutual (FIG.14C) impedance for two conductor 
loops lying on different metal layers, in the presence of 
3-layer Substrate, as a function of frequency. The interconnect 
configuration is shown in the inset of FIG. 14A. Each con 
ductor has a width w of 1.0 lum, thickness t of 0.5 lum. The 
number of complex images is K-5, and 5x3 filaments are 
used per conductor. FIG. 14D is a graph whose solid lines 
show the percentage errors in the magnitude of the impedance 
computations using the exemplary 2D impedance extraction 
embodiment disclosed herein with respect to Fasthenry for 
the same configuration. The dashed lines show the error in 
impedance if the Substrate is neglected. 
0027 FIG. 15 is a graph showing the impedance Z11 of the 
one-port network formed by a closed conductor loop (shown 
in the inset of FIG. 15) above a 3-layer substrate when com 
pared with HFSS. The magneto-quasi-static impedance 
obtained using the exemplary 2D impedance extraction 
embodiment disclosed herein is combined with capacitance 
from FastCap (“FC) using a transmission line model in Spice 
to obtain the Z11 parameter. The conductor widthis 1 um, and 
the thickness is 0.5 um. 
0028 FIG. 16 includes two graphs showing self and 
mutual impedances of two current loops for the exemplary 2D 
impedance extraction embodiment disclosed herein where 
the three ground return paths (g, g, g) are shared by the two 
signal lines (S,S). The common length of the wires is 400 
um, and the conductor thickness is 0.5um. 
0029 FIG. 17 includes graphs showing self and mutual 
impedances for a realistic interconnect geometry at 45 nm 
node (shown alongside) for the exemplary 2D method dis 
closed herein and the percent error values with respect to 
Fasthenry. The common length of the wires is 400 um. 
0030 FIG. 18 includes graphs showing the impedance of 
a Manhattan interconnect laid out on metal layers M10 and 
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M11 above a 3-layer substrate. A grid of ground wires pro 
vides nearby return paths to each wire segment. Interconnect 
geometry parameters are as per global wires at the 45 nm 
node. 
0031 FIG. 19 is a graph showing the error in the loop self 
impedance computation with respect to FastFenry during 
Monte Carlo simulation of several randomly generated con 
ductor configurations according to the following parameters: 
Frequency 20-100 GHz, pitch 2-8 um, wire width 1-2 um, 
height above Substrate 1.5-2.2 Lum (corresponding to metal 
layers M10 through M12). Interconnect geometry parameters 
correspond to global wires at the 45 nm node. 
0032 FIG. 20 is a graph showing the speedup in runtime 
with respect to a 2D PEEC-based self loop impedance com 
putation during Monte Carlo simulation of several randomly 
generated conductor configurations according to the follow 
ing parameters: Frequency 20-100 GHz, pitch 2-8 um, wire 
width 1-2 um, height above Substrate 1.5-2.2 Lum (correspond 
ing to metal layers M10 through M12). Interconnect geom 
etry parameters correspond to global wires at the 45 nm node. 
0033 FIG. 21 is a schematic block diagram showing a 
general Manhattan circuit layout with linear segments AB 
BC-CD flanked by ground wires which offer return paths. 
Segmentation of the interconnect configuration into bundles, 
along with the constituent loops, is shown with dashed boxes 
and curves, respectively. 
0034 FIG. 22 is a schematic block diagram showing a 
current loop formed by two parallel current filaments carry 
ing current in opposite directions, constituting a planar mag 
netic dipole source. 
0035 FIG. 23 shows a representation of the substrate as a 
series of images of the source magnetic dipole using the 
modified discrete complex images method. 
0036 FIG. 24 is a flowchart showing an exemplary 
method for computing complex images approximation using 
a variable projections technique in accordance with the dis 
closed technology. 
0037 FIG. 25 includes several diagrams. Diagram 2500 
shows two wide and thick conductors discretized into mul 
tiple filaments. The illustrated signal wire (unshaded) and 
return wire (shaded) carry opposite currents. Each filament in 
the signal wire forms a loop with each filament in the return 
wire. Diagram 2502 shows a two-step discretization of con 
ductors, first along thickness and then along width. Diagram 
2504 shows the full impedance matrix for the two-conductor 
bundle showing block matrices corresponding to the two-step 
discretization. Diagram 2506 shows the linear system of 
equations to be solved for each block matrix. Diagram 2508 
shows the final linear system of equations to be solved to 
compute the net current I. 
0038 FIG. 26 is a schematic block diagram of intercon 
nect geometry showing two current loops on different metal 
layers lying over a 3-layer Substrate. 
0039 FIGS. 27A and 27B are graphs showing impedance 
results from the exemplary 3D impedance extraction method 
disclosed herein compared with Fasthenry for the intercon 
nect configuration shown in FIG. 26. In particular, FIG. 27A 
is a graph showing the self impedance of loop1 and mutual 
impedance between loops 1 and 2, as a function of frequency, 
in presence of 3-layer substrate, and FIG. 27B is a graph 
showing self impedance of loop2 at 100 GHZ, as a function of 
loop width, both with and without the substrate. 
0040 FIG. 28 is a graph showing the impedance of a 
square interconnect loop as a function of frequency computed 
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using the exemplary 3D impedance extraction embodiment 
disclosed herein, with and without the substrate, and in com 
parison with Fasthenry. The substrate profile is the same as in 
FIG. 26. 

0041 FIG. 29 is a graph of the input impedance network 
parameter Z11 for a square interconnect loop over a 3-layer 
Substrate, as a function of frequency, in comparison with the 
fullwave field solver HFSS. The impedance computed using 
the exemplary 3D impedance extraction embodiment is com 
bined with capacitance for the structure obtained from Fast 
Cap. The Z11 parameter is computed using HSPICE. The 
substrate profile is the same as in FIG. 26. 
0042 FIG. 30 is a graph of impedance of a three-turn 
square inductor as a function of frequency and computed 
using the exemplary 3D impedance extraction embodiment 
disclosed herein, with and without Substrate, in comparison 
with FastHenry. The substrate profile is the same as in FIG. 
26. 

0043 FIG.31 is a graph of impedance of a regular octago 
nal interconnect loop as a function of frequency and com 
puted using the exemplary 3D impedance extraction embodi 
ment disclosed herein, with and without the substrate, in 
comparison with Fasthenry. The substrate profile is the same 
as in FIG. 26. 

0044 FIG. 32 is a graph of impedance of a three-turn 
octagonal inductor as a function of frequency and computed 
using the exemplary 3D impedance extraction embodiment 
disclosed herein, with and without substrate, in comparison 
with FastHenry. The substrate profile is the same as in FIG. 
26. 

0045 FIG. 33 is a schematic block diagram of an exem 
plary computing system on which embodiments of the dis 
closed methods can be implemented. 
0046 FIG. 34 is a block diagram illustrating a computer 
network that can be used to performany of the embodiments 
of the disclosed technology. 
0047 FIG. 35 is a block diagram illustrating another com 
puter network that can be used to performany of the embodi 
ments of the disclosed technology. 
0048 FIG. 36 is a block diagram illustrating how the com 
puter networks of FIG. 34 or 35 can be used to perform 
aspects of the disclosed technology. 
0049 FIG.37 is a block diagram illustrating how the com 
puter networks of FIG. 34 or 35 can be used to transmit 
computer-executable instructions for causing a computer to 
perform any of the disclosed method. 
0050 FIG.38 is a schematic block diagram illustrating an 
overall impedance extraction method according to an exem 
plary embodiment of the disclosed technology. 
0051 FIG. 39 is a flowchart illustrating an exemplary 
embodiment of a method for generating a representation of a 
multi-layer substrate's contribution to a Green's function 
according to embodiments of the disclosed technology. 
0.052 FIG. 40 is a flowchart illustrating an exemplary 
embodiment of a method for performing impedance extrac 
tion using a Green's function. The Green's function can be 
derived from the representation from FIG. 39. 
0053 FIG. 41 is a flowchart illustrating an exemplary 
method for determining parameters used in a representation 
of a multi-layer substrate's contribution to a Green's function, 
such as the representation from FIG. 39. 
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0054 FIG. 42 is a flowchart illustrating an exemplary 
method for performing impedance extraction using two 
impedance extraction techniques according to the disclosed 
technology. 
0055 FIG. 43 is a flowchart illustrating an exemplary 
method for performing impedance extraction for intentional 
inductors according to the disclosed technology. 

DETAILED DESCRIPTION 

I. General Considerations 

0056 Disclosed below are representative embodiments of 
methods, apparatus, and systems for extracting impedance in 
a circuit design. The disclosed methods, apparatus, and sys 
tems should not be construed as limiting in any way. Instead, 
the present disclosure is directed toward all novel and non 
obvious features and aspects of the various disclosed embodi 
ments, alone and in various combinations and Subcombina 
tions with one another. The methods, apparatus, and systems 
are not limited to any specific aspect or feature or combina 
tion thereof, nor do the disclosed embodiments require that 
any one or more specific advantages be present or problems 
be solved. 
0057 More specifically, embodiments of computationally 
efficient methods to accurately compute the frequency-de 
pendent impedance of VLSI interconnects in the presence of 
multi-layer conductive substrates are described. In certain 
embodiments, the resulting accuracy (e.g., errors less than 
2%) and CPU time reduction (e.g., more than an order of 
magnitude) are a result of a Green's function approach with 
the correct quasi-static limit, a modified discrete complex 
image approximation to the Green's function, and a continu 
ous dipole expansion to evaluate the magnetic vector poten 
tial at the short distances relevant to VLSI interconnects. 
These embodiments permit the evaluation of the self and 
mutual impedance of multiconductor current loops, including 
Substrate effects, in terms of easily computable analytical 
expressions that involve their relative separations and the 
electromagnetic parameters of the multi-layer Substrate. 
0058 Although the operations of some of the disclosed 
methods are described in a particular, sequential order for 
convenient presentation, it should be understood that this 
manner of description encompasses rearrangement, unless a 
particular ordering is required by specific language set forth 
below. For example, operations described sequentially may in 
Some cases be rearranged or performed concurrently. More 
over, for the sake of simplicity, the attached figures may not 
show the various ways in which the disclosed methods can be 
used in conjunction with other methods. Additionally, the 
description sometimes uses terms like "determine' and "gen 
erate' to describe the disclosed methods. These terms are 
high-level abstractions of the actual operations that are per 
formed. The actual operations that correspond to these terms 
may vary depending on the particular implementation and are 
readily discernible by one of ordinary skill in the art. 
0059. The disclosed technology can be used, for example, 
to analyze impedance effects on digital, analog, or mixed 
signal integrated circuit designs before the circuits are physi 
cally implemented. The disclosed technology can be applied, 
for example, to any circuit design or situation where wire 
impedance effects may affect signal delay or signal integrity 
or power consumption. For instance, the disclosed embodi 
ments can be used to analyze the high-frequency behavior of 
wires or interconnect in an integrated circuit design (e.g., an 
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application-specific integrated circuit (ASIC), a program 
mable logic device (“PLDs) such as a field programmable 
gate array (“FPGA), a system-on-a-chip (“SoC), or a 
microprocessor) or in the off-chip interconnect at the board or 
package level (e.g., multilayered packages or printed circuit 
boards). The disclosed technology can also be used for the 
analysis of intentional inductors or other passive devices 
(e.g., intentional inductor or passive devices in an integrated 
circuit design, off-chip circuitry, or at the package level). 
0060. As more fully explained below, embodiments of the 
disclosed methods can be performed by software stored on 
one or more tangible computer-readable media (e.g., one or 
more optical media discs, Volatile memory or storage com 
ponents (such as DRAM or SRAM), or nonvolatile memory 
or storage components (such as hard drives)) and executed on 
a computer. Such software can comprise, for example, an 
electronic-design-automation (“EDA) synthesis tool. Such 
Software can be executed on a single computer or on a net 
worked computer (e.g., via the Internet, a wide-area network, 
a local-area network, a client-server network, or other Such 
network). The software embodiments disclosed herein can be 
described in the general context of computer-executable 
instructions, such as those included in program modules, 
which can be executed in a computing environment on a 
target real or virtual processor. Generally, program modules 
include routines, programs, libraries, objects, classes, com 
ponents, data structures, etc. that perform particular tasks or 
implement particular abstract data types. The functionality of 
the program modules may be combined or split between 
program modules as desired in various embodiments. Com 
puter-executable instructions for program modules may be 
executed within a local or distributed computing environ 
ment. For clarity, only certain selected aspects of the Soft 
ware-based implementations are described. Other details that 
are well known in the art are omitted. For example, it should 
be understood that the disclosed technology is not limited to 
any specific computer language, program, or computer. 
0061 Additionally, any circuit description, design file, 
data structure, data file, intermediate result, or final result 
(e.g., a portion or all of a Spice or Spice-like netlist or Sub 
circuit representation comprising impedance information as a 
function of frequency, data indicative of parameters used with 
the Green's function approximations, a portion or all of a 
Green's function representation (such as a Green's function 
matrix), a portion or all of a impedance matrix, or a portion or 
all of circuit design information) created or modified using 
any of the disclosed methods can be stored on a tangible 
computer-readable storage medium (e.g., one or more optical 
media discs, Volatile memory or storage components (such as 
DRAM or SRAM), or nonvolatile memory or storage com 
ponents (such as hard drives)). 
0062. Furthermore, any of the software embodiments 
(comprising, for example, computer-executable instructions 
for causing a computer to performany of the disclosed meth 
ods) can be transmitted, received, or accessed through a Suit 
able communication means. Similarly, any circuit descrip 
tion, design file, data structure, data file, intermediate result, 
or final result (e.g., a portion or all of a Spice or Spice-like 
netlist comprising impedance information, data indicative of 
parameters used with the Green's function approximations, a 
portion or all of a Green's function representation (such as a 
Green's function matrix), a portion or all of a impedance 
matrix, or a portion or all of circuit design information) cre 
ated or modified using any of the disclosed methods can be 
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transmitted, received, or accessed through a suitable commu 
nication means. Such suitable communication means 
include, for example, the Internet, the World WideWeb, an 
intranet, Software applications, cable (including fiber optic 
cable), magnetic communications, electromagnetic commu 
nications (including RF, microwave, and infrared communi 
cations), electronic communications, or other such commu 
nication means. Such communication means can be, for 
example, part of a shared or private network. 
0063 Moreover, any circuit description, design file, data 
structure, data file, intermediate result, or final result (e.g., a 
portion or all of a Spice or Spice-like netlist comprising 
impedance information, data indicative of parameters used 
with the Green's function approximations, a portion or all of 
a Green's function representation (such as a Green's function 
matrix), a portion or all of a impedance matrix, or a portion or 
all of circuit design information) produced by any of the 
disclosed methods can be displayed to a user using a suitable 
display device (e.g., a computer monitor or display). Such 
displaying can be performed as part of a computer-imple 
mented method of performing any of the disclosed methods. 
0064. The disclosed methods can be used at one or more 
stages of an overall synthesis Scheme. For example, any of the 
inductance extraction methods disclosed can be used during 
physical synthesis (e.g., during the physical verification pro 
cess) in order to evaluate and improve a circuit design. Cir 
cuits manufactured from Such circuit designs are also consid 
ered to be within the scope of this disclosure. For example, 
after synthesis is performed using embodiments of the dis 
closed methods, the resulting circuit design can be fabricated 
into an integrated circuit using known microlithography tech 
niques. The disclosed technology is particularly suitable for 
Verifying the correctness of a circuit design. 
0065 Certain embodiments of the disclosed methods are 
used to compute impedance effects in a computer simulation, 
physical verification tool, or other electronic design automa 
tion (“EDA) environment wherein the impedance in a circuit 
representation is analyzed. For example, the disclosed meth 
ods typically use circuit design information (for example, a 
netlist, HDL description (such as a Verilog or VHDL descrip 
tion), GDSII description, Oasis description, or the like) stored 
on computer-readable storage media. For presentation pur 
poses, however, the present disclosure sometimes refers to the 
circuit and its circuit components by their physical counter 
part (for example, wires, conductors, paths, and other Such 
terms). It should be understood, however, that any such ref 
erence not only includes the physical components but also 
representations of Such circuit components as are used in 
simulation, physical verification, or other such EDA environ 
mentS. 

0066 FIG.33 illustrates a generalized example of a suit 
able computing environment 3300 in which several of the 
described embodiments can be implemented. The computing 
environment 3300 is not intended to suggest any limitation as 
to scope of use or functionality, as the methods described 
herein can be implemented in diverse general-purpose or 
special-purpose computing environments. 
0067. With reference to FIG. 33, the computing environ 
ment 3300 includes at least one processing unit 3310 and 
memory 3320. In FIG.33, this most basic configuration3330 
is included within a dashed line. The processing unit 3310 
executes computer-executable instructions and may be a real 
or a virtual processor. In a multi-processing system, multiple 
processing units execute computer-executable instructions to 
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increase processing power. The memory 3320 may be volatile 
memory (e.g., registers, cache, RAM), non-volatile memory 
(e.g., ROM, EEPROM, flash memory, etc.), or some combi 
nation of the two. The memory 3320 stores software 3380 
implementing one or more of the described impedance 
extraction techniques. 
0068. The computing environment may have additional 
features. For example, the computing environment 3300 
includes storage 3340, one or more input devices 3350, one or 
more output devices 3360, and one or more communication 
connections 3370. An interconnection mechanism (not 
shown) Such as abus, controller, or network interconnects the 
components of the computing environment 3300. Typically, 
operating system Software (not shown) provides an operating 
environment for other software executing in the computing 
environment 3300, and coordinates activities of the compo 
nents of the computing environment 3300. 
0069. The storage 3340 may be removable or non-remov 
able, and includes magnetic disks, magnetic tapes or cas 
settes, CD-ROMs, DVDs, or any other medium which can be 
used to store information and which can be accessed within 
the computing environment 3300. The storage 3340 can store 
instructions for the software 3380 implementing any of the 
described impedance extraction techniques. 
(0070. The input device(s)3350 can be a touchinput device 
Such as a keyboard, mouse, pen, or trackball, a Voice input 
device, a scanning device, or another device that provides 
input to the computing environment 3300. For audio or video 
encoding, the input device(s)3350 can be a sound card, video 
card, TV tuner card, or similar device that accepts audio or 
video input in analog or digital form, or a CD-ROM or CD 
RW that reads audio or video samples into the computing 
environment 3300. The output device(s) 3360 can be a dis 
play, printer, speaker, CD-writer, or another device that pro 
vides output from the computing environment 3300. 
0071. The communication connection(s) 3370 enable 
communication over a communication medium to another 
computing entity. The communication medium is not a stor 
age medium but conveys information Such as computer-ex 
ecutable instructions, impedance extraction information, or 
other data in a modulated data signal. A modulated data signal 
is a signal that has one or more of its characteristics set or 
changed in Such a manner as to encode information in the 
signal. By way of example, and not limitation, communica 
tion media include wired or wireless techniques implemented 
with an electrical, optical, RF, infrared, acoustic, or other 
carrier. 
0072 The various impedance extraction methods dis 
closed herein can be described in the general context of com 
puter-readable media. Computer-readable media are any 
available media that can be accessed within or by a computing 
environment. By way of example, and not limitation, with the 
computing environment 3300, computer-readable media 
include tangible computer-readable storage media Such as 
memory 3320 and storage 3340. 

II. Two-Dimensional Treatment of VLSI Interconnect Imped 
ance Extraction in the Presence of Multi-Layer Conductive 
Substrate 

0073 A. Introduction 
0074. In this disclosure, embodiments for computing the 
frequency-dependent impedance of VLSI interconnects in the 
presence of multi-layer conductive substrates are described. 
The disclosed embodiments are accurate, yet computation 
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ally inexpensive compared to conventional methods. For 
VLSI interconnect impedance extraction, certain embodi 
ments of the disclosed technology rely on a loop impedance 
formalism, which leads to the correct physical behavior of 
closed on-chip currents. FIG. 1 is a schematic block diagram 
100 illustrating a basic interconnect configuration as can be 
evaluated using embodiments of the disclosed loop imped 
ance extraction method in the presence of a multi-layer Sub 
strate. In these embodiments, the long distance behavior of 
impedance parameters falls off as a power law, instead of the 
unphysical logarithmic behavior in PEEC. Hence, in the loop 
formalism, the separations between conductor loops with 
appreciable mutual impedances can be upper bounded by a 
few tens of micrometers for current and future technology 
nodes, and larger separations can be neglected. Many of the 
disclosed embodiments concern the high-frequency imped 
ance matrix for interconnects that are sensitive to inductance 
effects. In certain implementations, the length of Such inter 
connects is greater than 100 um, much larger than the trans 
verse separations where mutual impedance is appreciable. 
Hence, for these types of embodiments, a two-dimensional 
treatment is generally valid. Moreover, up to the maximum 
frequency of interest for VLSI technology (e.g., about 100 
GHZ), a quasi-static computation of the magnetic vector 
potential is justified since the minimum wavelength (~1 mm) 
is much larger than the relevant physical separations (e.g., a 
few micrometers), separations for which these are Substan 
tial. 

0075 FIG. 2 is a graph 200 showing that the error in loop 
impedance due to the exemplary 2D approximation disclosed 
herein is small when the conductor lengths exceed 20 times 
the transverse separations between them. For impedance 
extraction of Manhattan interconnects, each "bundle' of con 
ductors formed by a signal line and its return paths, is divided 
into segments along their length such that the conductor 
cross-sections and their separations are uniform in each seg 
ment. As discussed, the common length of the conductors in 
each segment is desirably at least 20 times larger than the 
separations between them to permit the use of the 2D approxi 
mation (though this amount can be set to any other threshold). 
Timing-critical global interconnects that are designed to keep 
inductive effects under control often satisfy this constraint. In 
this case, the self impedance of each bundle, and the mutual 
impedance between adjacent parallel bundles, can be com 
puted using the exemplary 2D impedance extraction embodi 
ment disclosed in this section. Bundles that are perpendicular 
to each other have no mutual interaction, while the mutual 
impedance between bundles that are far apart can be 
neglected. The exemplary 2D embodiment described in this 
section can thus be applied to Manhattan VLSI interconnects 
Subject to the constraint that each segment of the Manhattan 
wire is long (e.g., has a length that is greater than its transverse 
separation from neighboring wires by Some threshold amount 
(such as 20)) and has nearby return paths. FIG. 18 is a sche 
matic block diagram 1800 illustrating one such suitable inter 
connect layout. 
0076. In order to describe current loop interactions, and in 
certain embodiments of the disclosed technology, the Green's 
function for a magnetic dipole in the presence of a multi-layer 
Substrate is computed. This computation is discussed in Sec 
tion II.C. below. Further, this Green's function describes the 
two-dimensional problem in the quasi-static approximation. 
In certain embodiments, up to the maximum frequency of 
interest for VLSI technology (100 GHz), a quasi-static com 
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putation of the magnetic vector potential is justified since the 
minimum wavelength (>1.5 mm) is much larger than the 
relevant physical transverse dimensions of the interconnect 
geometry. However, the skin depth of the substrate layers is 
often of the same order as the wavelength. Hence, the quasi 
static assumption used in this disclosure is validated by com 
parison with a full-wave field solver (FIG. 15 is a graph 1500 
showing one such comparison illustrating the validity of the 
quasi-static assumption). Furthermore, Section II.B discloses 
a modified discrete complex images approximation that leads 
to analytical expressions for the Green's function. In Section 
II.D., the computation of the impedance matrix according to 
one exemplary embodiment is presented. For the short sepa 
rations that are relevant to loop impedance computations, a 
Superposition principle applied to source dipoles can be used 
and leads to analytical expressions for the self and mutual 
impedance between conductor loops under the modified dis 
crete complex images approximation, valid for any separa 
tion. Finally, in Section II.E., the accuracy of embodiments of 
the disclosed technology is considered by comparing results 
to industry standard electromagnetic field solvers and consid 
ering the computational efficiency of the substrate Green's 
function approach. 
0077. In brief, exemplary embodiments using analytical 
formulations to compute the loop impedance matrix for gen 
eral VLSI interconnect configurations in the presence of a 
multilayer conductive substrate are described. Particular 
implementations of these embodiments are suitable for sys 
tem level extraction of Manhattan interconnects. 

0078 
007.9 The two-dimensional quasi-static Green's function 
for an elementary excitation consisting of a single monopole 
current, in the presence of a stratified Substrate, is discussed in 
A. Weisshaar et al., “Accurate closed-form expressions for 
the frequency-dependent line parameters of on-chip intercon 
nects on lossy silicon substrate.” IEEE Transactions on 
Advanced Packaging, vol. 25, no. 2, pp. 288-296, May 2002. 
The configuration considered is shown in the schematic block 
diagram 200 of FIG.2, where a single line current (monopole 
Source) at co-ordinates (X,Z) lies above a 3-layer conductive 
substrate. Translational invariance of the Green's function 
permits placement of the source at x'=0 without any loss of 
generality. The monopole Green's function, Goa(x,z,x', 
Z'), for the magnetic vector potential A(X,Z) in region R 
(above the substrate) satisfies: 

B. Background 

Since there are no sources inside the Substrate layers (regions 
R. i>0), each of which has conductivity O., permittivity e. 
and permeability L, the Green's functions in these regions 
satisfy: 

Solving (1) and (2), using continuity at the interface bound 
aries between different regions, results in an integral expres 
Sion for Gon(X,Z.X,Z): 
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-z-z' cos(x) (3) 
Gomono (v. 3, 0, z) = -1 x ... d. 

x 27t -(z+z) cos(x) 
0 g N ()e - - 

The derivation of this expression is set forth elsewhere and 
need not be repeated here. See, e.g., A. Weisshaar et al., 
"Accurate closed-form expressions for the frequency-depen 
dent line parameters of on-chip interconnects on lossy silicon 
substrate.” IEEE Transactions on Advanced Packaging, vol. 
25, no. 2, pp. 288-296, May 2002; H. Ymeri et al., “New 
analytic expressions for mutual inductance and resistance of 
coupled interconnects on lossy silicon Substrate. Topical 
Meeting on Silicon Monolithic Integrated Circuits in RFSys 
tems, 2001, pp. 192-200; K. Coperich et al., “Systematic 
development of transmission-line models for interconnects 
with frequency-dependent losses. IEEE Transactions on 
Microwave Theory and Techniques, Vol. 49, no. 10, pp. 1677 
1685, October 2001; and A. Niknejad et al., “Analysis of 
eddy-current losses over conductive Substrates with applica 
tions to monolithic inductors and transformers.” IEEE Trans 
actions on Microwave Theory and Techniques, Vol. 49, no. 1, 
pp. 166-176, January 2001. 
0080. The function g(w), which characterizes the sub 
strate contribution for an N-layer substrate, has the functional 
form: 

Qw () - (4) A) = gy () Qw () + . 

where the terms Q(w) are easily derived and are dependent 
on the properties (O, e, u) of each Substrate layer. For the 
simplest case of a 1-layer substrate (N=1) extending to Z=-OO 
(occupying a half-space), 

The quantity Y’ jou(O+joe) is determined by the fre 
quency (CD) and Substrate properties: permeability (LL), resis 
tivity 

and permittivity (e). The first term in the integrand in (3), 
which represents the Source contribution in free space, is 
analytically integrable. The second term, which represents 
the Substrate contribution and involves g(w), cannot be inte 
grated analytically. Several techniques have been proposed to 
compute the Green's function (3), which are reviewed briefly 
below. 

0081 
0082. A straight-forward approach to evaluating the sub 
strate Green's function is to use numerical integration tech 
niques. However, this approach is computationally too expen 
sive to handle complex VLSI interconnect configurations 
typically consisting of millions of wires. Alternative 
approaches to compute this Green's function, as discussed 
below, approximate the term g(w) in (3) with suitable expres 

1. Computation of the Substrate Green's Function 
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sions that make the substrate contribution to the Green's 
function analytically integrable. 
0083 
I0084. In this approach, g(w) (for a 1-layer substrate) is 
approximated by its Taylor series expansion around w=0, 
leading to the expression: 

2. Approximate Complex Image Method 

2 - 1/2 - 3 (6) A - (-, ...) WA2 + y + A 

I0085 Keeping only the first term in the series expansion, 
expression (3) becomes: 

Gono (x,z,0,z) s - (-|z-z"a -(+2' tip)cos(v) .d. (7) 
x 27, Jo 

0086. The expression in (7) is analytically integrable. The p y y 9. 
first exponential term arises from the source (line current) at 
the point (0, z), while the second one represents the 
effect of an opposing current (negative sign) lying at the point 

In other words, the effect of the substrate is represented, in 
this approximation, by a single image of the Source line 
current. The image is located “inside' the substrate at a depth 
given by a complex number, hence the name "complex 
image'. This method has been applied to VLSI interconnect 
extraction. However, the above approximation is valid only 
when the separation of the observation point (x,z) from the 
source at (0, z) is much larger than the skin depth (Ö= 
v2/(couo)) inside the substrate. Table I shows that the 
micrometer-size separations of interest for impedance extrac 
tion are much smaller than the skin depth at 50 GHz, for any 
realistic value of substrate resistivity. Hence, this method, 
although Suitable for computing the interaction of antennas 
with the earth (substrate), is not suitable for VLSI intercon 
nectS. 

TABLE I 

SUBSTRATERESISTIVITY VALUES AND 

CORRESPONDING SKIN DEPTHAT SO GHZ, FREQUENCY 

Resistivity 
2-cm 

O.O1 O.1 1 10 

Skin Depth (Lm) 22.5 71.2 225 711 

I0087 3. Rational Function Fit Method (RFFM) 
I0088 An alternative method for evaluating the substrate 
Green's function involves approximating it by a rational func 
tion, which can be integrated analytically. The rational func 
tion fit in the complex w plane can be uniquely defined in 
terms of a set of K pole-residue pairs: 
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(8) 

0089. The pole-residue extraction demands a non-linear 
least-square fit for every point (X,Z) in space and is computa 
tionally expensive. Achieving accuracy within 1-2% using 
this technique often requires a number of poles K of the order 
of 100 for each (x,z) point. The number of such points (x,z) 
must also be large. For these reasons, even though this meth 
odology can be applied for parasitic extraction of intercon 
nects, it is computationally expensive and memory intensive. 
0090. 4. Discrete Complex Images Method (“DCIM) 
0091. The DCIM can be considered as an extension to the 
approximate complex image method, which approximates 
gy(w) using a number of complex images: 

i (9) 

gy (A) > X be 'i'. 
i=l 

where each jth exponential term represents an image and (b. 
c) e C. Both M and (b,c) are the variables to be adjusted. The 
resultant integral has a similar form as that shown in H. Ymeri 
et al., “New analytic expressions for mutual inductance and 
resistance of coupled interconnects on lossy silicon sub 
strate.” Topical Meeting on Silicon Monolithic Integrated 
Circuits in RFSystems, 2001, pp. 192-200, and can be evalu 
ated analytically. The DCIM is the method of choice for 
evaluating the three-dimensional fullwave Green's functions 
for layered media, which are known as Sommerfeld layered 
media Green's functions. However, finding a set of complex 
images (b. c.) that result in an accurate approximation to the 
Green's function remains challenging. The DCIM has been 
applied to VLSI interconnect impedance extraction in Fast 
Maxwell for single-layer Substrate configurations. 
0092 C. Green's Function for a Magnetic Dipole in the 
Presence of a Conductive Substrate 
0093. The magnetic monopole Green's function leads to a 
PEEC approach that has an unphysical long distance behavior 
with the inductance per unit length decaying logarithmically 
with wire separation, instead of the correct power law decay 
associated with closed current approaches. See, e.g., A. Rue 
hli, “Inductance calculations in a complex integrated circuit 
environment. IBM Journal of Research and Development, 
vol. 16, no. 5, pp. 470-481, 1972; and R. Escovar et al., “An 
improved long distance treatment for mutual inductance.” 
IEEE Transactions on Computer-Aided Design of Integrated 
Circuits and Systems, vol. 24, no. 5, pp. 783-793, May 2005. 
0094. The end result is dense and non-diagonal-dominant 
impedance matrices. In this disclosure, embodiments of the 
disclosed technology involve computing physically measur 
able quantities (e.g., in terms of loop quantities) that result in 
sparse impedance matrices. One exemplary embodiment (re 
ferred to herein as the exemplary 2D impedance extraction 
embodiment) is based on a Green's function corresponding to 
a closed elementary loop: a magnetic dipole. The Green's 
function in this embodiment has the correct long distance 
behavior for the magnetic field and the correct low frequency 
behavior corresponding to magneto-quasi-static phenomena. 
It can be verified that it is the quasi-static limit of the Som 
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merfeld layered-media Green's function. The block diagrams 
300,302 of FIGS.3A and 3B schematically show a horizontal 
magnetic dipole in two-dimensions (two parallel lines carry 
ing opposing currents forming a current loop) in the presence 
of a 3-layer substrate. The dipole of this embodiment is cen 
tered at (x=0,z). The two line currents (-I and I) are located 
at (-a/2, Z) and (+a/2, Z), such that the diameter of the dipole 
is a. The magnetic vector potential A(X,Z) due to this dipole 
satisfies the relation: 

VASC(x, z, x', z) = -ulx (10) 
(ox -- 8(i. - :) - ox 10: g") 

= -pi(a) X 

(e. ot: -:) -ox- Ski 
C 

A dipole can be defined as the limit of the configuration in 
FIG.3B, when a C->0 and I->OO, such that the dipole moment 
per unit length, 

p = Cla (11) 

is constant. Hence, the Green's function for the magnetic 
vector potential Ao apol." due to a unitary horizontal mag 
netic dipole (p=1) satisfies the relation: 

C p (12) ox -- 8(g - 3') - 

ox-og-z') 
(x, z, x = 0, z) = -27 x lim 2-hor VGCit. 

Since there are no sources in the Substrate, Expression (2) 
remains valid. Using continuity at the interface boundaries 
between different regions, Expression (12) for a unitary mag 
netic dipole situated at (0, Z") gives: 

2sin(x)sina a. ) 2. .d. 
hor p p G.s. (x, z, x = 0 = -lim - - = - Glipole (v. 3, , z) = -lin C 

The Green's function for a vertical magnetic dipole can be 
derived in a similar fashion: 

(14) of el-'I 
GEliot (x, z, c = 0. z) = -?. p solo da po 0 gy(A)et: 
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In general, g(w), which is the term characterizing the Sub 
strate contribution for an N-layer substrate, can be cast into 
the form shown in Expression (4). The corresponding Q(W) 
functions become increasingly more complex as the number 
of layers is increased. For a single-layer substrate, Q(w) 
satisfies Expression (5). The corresponding expressions for 
two- and three-layer substrates are: 

(m + m2)e'"1:1 - (m-m2) (15) 
A) = X -- Q2 () = n (m1 +m2)e'"1*1 + (m - m2) 

Q3 () X 1 - e?"131 q(A) ith (16) 
= m1 X W1 3 1 + e2in 121 g(l) 

(n + m2)(n2 - m3) + 

(m 

(m2 - m)e2m (2-1) 

In (15) and (16), Z, refers to the thickness of the top substrate 
layer and Z refers to the thickness of the second substrate 
layer (in the case of 3-layer substrate) while the last substrate 
layer extends to -o, as shown in FIGS. 3A and 3B. The 
coefficients m, corresponding to the ith substrate layer, are 
given by: 

0095 Typical semi-conductor chip substrates have two or 
three layers with different resistivity values. Hence, the 
expressions presented so far encompass the relevant sce 
narios to characterize realistic process configurations. For 
Substrates consisting of more than three layers, it is straight 
forward to find the extensions of Expressions (15) and (16). 
Next, an example of an accurate analytical approximation to 
the dipole Green's function in the presence of multi-layer 
substrates is described. The described example is not to be 
construed as limiting, however, as the resulting approxima 
tion can be varied from implementation to implementation 
without departing from the underlying principles of the dis 
closed technology. 
0096 1. Modified Discrete Complex Images Method 
0097. In Expressions (13), (14), the term containing g(w) 
prevents an analytical expression for the Green's function. 
Using the DCIM, for example, g(w) can be approximated by 
a sum of complex exponentials, Expression (9), leading to the 
desired integrable form of the substrate Green's function. The 
main difficulty with the DCIM is the search for a suitable set 
of "complex images”, Z, that gives accurate results. Exem 
plary embodiments of the disclosed technology are based on 
simplifying the search for these complex exponentials. For 
example, one can start with a new look at the form of the 
dipole Green's function (G) in the presence of a substrate. For 
a single-layer substrate, with Q. (2) given by (5), the follow 
ing algebraic replacement can be performed: 

-2ta. (vii) (18) 
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0098. This alternative functional representation of g (0.) 
naturally leads to a separation of the coefficient 1/Y, which 
constitutes the Sole complex part of the exponent. The sepa 
ration of this complex term allows the approximation of the 
expression g(w) using real coefficients (C). This is in con 
trast with the DCIM which involves complex coefficients (c.). 
Furthermore, coefficients B can be added to perform a linear 
combination of the complex exponentials and the following 
approximation can be used: 

(19) K 

-a () g(l) & f3 e 21 
k=1 

(k e R, f3. e R 

0099 Physically, the approximation (19) has a similar 
interpretation to that of the discrete complex images method. 
The kth term in the approximation constitutes an image of the 
dipole current source at a complex distance C/Y, while the 
coefficient B modifies the magnitude of the image current. 
This is shown schematically by representation 400 in FIG. 4. 
I0100 From (19) it is clear that Ca0 to ensure conver 
gence. Moreover, since g (0)=1, it follows that XB-1. The 
non-linear fitting algorithm used in embodiments of the dis 
closed technology finds an accurate approximation with the 
parameters (C, B) that naturally satisfy these properties. 
Matlab's in-built function “fminsearch.” for example, can be 
used to determine the best fit to the parameters C. B. In one 
exemplary embodiment, the starting value of all parameters is 
set to 1. Since Ce R, the search space for the set of “complex 
images' is Smaller. 
0101 The number of images, K, determines the computa 
tional expense in finding the set of images (C, B) and the 
accuracy of the approximation, for a given Substrate configu 
ration. Large values of Klead to instabilities making it diffi 
cult to find a good fit. In experiments that were performed 
using this exemplary approximation, it was found that K-5 
gives desired accuracy for the impedance (within 2% of field 
solver) while keeping the computation time for the set of 
images (C, B) within a few minutes. 
0102 Inserting (19) into (13) and (14), the following ana 
lytical expressions can be obtained for the Green's functions: 

K (20) 
hor p -z-z'IA -ek . -(z+z'). GEle(X, 3, 2) s 8 fe le 

O k=1 

sin(x)d. 
K 

X f3 X 
: - - 272 5 - R di A2 

3 - 3 + x (3 + 3 +...) + x2 

K 

ei p -z-z'IA -ek -(z+z'). (21) 
Girole(X, 3, 3) s - 8 -- f3 e “ le 

O k=1 

cos(x)d. 

, -z' y 
- - - - - A3 - H - 7-12 2 (i \2 3 - 3' + x ) + x2 
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The same replacement (19) can be used for 2-layer and 
3-layer Substrate configurations. Hence, for the general 
N-layer substrate: 

(22) 

a e R, f3, e R 

and the expressions (20), (21) remain valid. (C. B.) are 
parameters that depend only on the substrate profile (resistiv 
ity, dielectric constant and thickness of each layer) and the 
frequency of interest and independent of the design. Hence, 
the computation of these parameters constitutes a one-time 
cost for a given technology, at each frequency. 
(0103 2. Accuracy of the Modified Discrete Complex 
Images Method and Comparison with Other Methods 
0104 Graphs 500 and 502 in FIGS. 5A and 5B, respec 

tively, shows that Expression (19) provides a good approxi 
mation to the numerically computed value of g(w). The same 
approximation using the ACIM shows significant deviation. 
Given the oscillatory nature of the Green's function, the X 
and Z-separations are critical factors affecting the quality of 
the approximation, besides the frequency and Substrate 
parameters. Monte-Carlo simulations have been performed to 
evaluate the substrate Green's function Go, from 
Expression (20) over a wide range of frequencies and X 
Z-separations. Graph. 504 in FIG. 5C plots the resulting error 
in the Green's function computation for a typical 1-layer 
substrate. While the error using the exemplary technique is 
small, the ACIM sometimes gives much larger errors. This is 
because the ACIM is not valid for all x-, Z-separations and 
frequencies, as explained in Section II.B. The cases with 
Small error are those in which the randomly chosen geom 
etries are such that the effect of the substrate is small and the 
error in the ACIM is not reflected in the overall Green's 
function. 
0105. The Monte-Carlo results for typical 2-layer and 
3-layer substrates are shown in graphs 600, 602, and 604 of 
FIGS. 6A, 6B, and 6C, respectively. In all illustrated cases, 
the analytical expression for the substrate Green's function 
shown in Expression (20) provides excellent agreement with 
the numerical calculation. Similar results are obtained for 
Expression (21). 
0106 Although several techniques have been proposed to 
implement DCIM to approximate the 3D substrate Green's 
function, it still remains a challenging task. To implement 
DCIM for the 2D quasi-static Green's function, the Variable 
Projections (VARPRO) method can be used, which can be 
used for exponential fitting problems. The sampling points in 
ware user-defined, giving wide latitude for non-uniform Sam 
pling to account for the rapid variations in g(w). Moreover, 
the linear coefficients (b, in Expression (9), or, f, in Expres 
sion (22)) are uniquely determined once a solution to the 
non-linear parameter least square problem is found. Hence, 
random starting values are needed only for the non-linear 
parameters (c, in Expression (9), or C in Expression (22)). 
The residual errors and the computation time to perform the 
two fits corresponding to Expressions (22) and (9) are com 
pared in graphs 700 and 702 shown in FIGS. 7A and 7B as a 
function of the number of complex images. It is found that the 
exemplary 2D impedance extraction embodiment converges 
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to an optimal solution faster and with greater accuracy than 
the DCIM. Graph 704 in FIG.7C shows that the results from 
the exemplary 2D impedance extraction embodiment are 
Smooth as a function of frequency, a property not shared by 
the DCIM. Finally, graph 800 in FIG. 8 compares the Green's 
function computation using DCIM and the exemplary 2D 
impedance extraction embodiment for the same number of 
complex images. The Superior performance of the exemplary 
2D impedance extraction embodiment stems from the fact 
that the search for exponential fitting parameters, which is in 
unconstrained complex space under the DCIM, is constrained 
to a search for real coefficients applied to a specific complex 
number (1/y in Expression (22)) with the exemplary 2D 
impedance extraction embodiment. 
0107. In comparison with RFFM, one advantage of the 
exemplary 2D impedance extraction embodiment is in terms 
of computation cost. Computing the Green's function G(X,Z. 
x',z) using RFFM involves evaluation of the pole-residue 
pairs in Expression (8) for each pair of points (X,Z) and (X,Z). 
Impedance extraction of a general interconnect configuration 
requires numerous computations of G, at coordinates that are 
not known a priori. In Table II, the computation time is shown 
for one element of the loop impedance matrix shown in 
Expression (33). Since the impedance matrix for a realistic 
interconnect configuration may require hundreds of Such 
computations (the interconnect shown in Section II.E with 15 
filaments per conductor requires 15–225 such computa 
tions), the cost of using RFFM quickly becomes prohibitive. 
On the other hand, with the exemplary 2D impedance extrac 
tion embodiment, the complex exponentials fit does not need 
to be repeated for every interconnect configuration. Hence, 
even though the computation time for each fitting step with 
RFFM may be reduced by trading-off accuracy, this will not 
bridge the orders of magnitude gap in impedance computa 
tion expense between RFFM and the disclosed method. 

TABLE II 

COST OF COMPUTING ONEELEMENT OF THE LOOP 
IMPEDANCE MATRIX WITHRFFMAND WITH THE 
DISCLOSED 2D EMBODIMENT, IN THE PRESENCE 

OFA 2-LAYERSUBSTRATE. 

T, (s) T(s) Ifits TZ (s) 

RFFM O 16.9 40 674 
Disclosed Method 91.34 O O <1 sec. 

T: TIME TO EXTRACT SET OF COMPLEX IMAGES (ONE TIME 
COST); 
T.: TIME TO COMPUTE ONE SET OF POLE-RESIDUE FITS; 
n: NUMBER OF POLE-RESIDUE FITS NEEDED PERZ-MATRIX 
ELEMENT (USING DDA); 
T.: TIME TO COMPUTE ONE Z-MATRIX ELEMENT 

0108. D. Interconnect Impedance Computation Using the 
Green's Function for a Magnetic Dipole 
0109. In this section, computing interconnect impedances 
for a set of interacting conductors in the presence of a multi 
layer conductive Substrate is discussed. Because embodi 
ments of the disclosed technology concern a two-dimensional 
scenario, the conductors are assumed to have a common 
length, L. The general impedance extraction problem is 
shown schematically in diagram 100 of FIG. 1, where Loop1 
denotes the source of the magnetic field and Loop2 the 
affected conductor loop. The self-impedance of each loop, 
and the mutual impedance between the two loops, in the 
presence of the multilayer Substrate is sought. This section 
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presents exemplary analytical expressions to compute these 
impedances. The magnetic vector potential A(X,Z) due to the 
source conductor loop is first computed in Section II.D. 1. 
These exemplary expressions for A(X,Z) are valid for all sepa 
rations. In Section II.D.2, the mutual and self impedance 
computation using these analytical expressions is explained 
for conductors with cross-sectional dimensions Small enough 
to be represented as single filaments. Finally, Section II.D.3 
discusses the computation for wide/thick conductors which 
are discretized into multiple filaments in order to capture the 
internal skin effects. 
0110 1. Magnetic Vector Potential Due to a Finite Size 
Conductor Loop 
0111. The Green's functions in Expressions (20) and (21) 
give the magnetic vector potential at the point (X,Z) due to a 
unitary magnetic dipole (p=1) located at (0, Z"). In the general 
case, the vector potential at (X,Z) due to a finite size magnetic 
dipole is obtained by integrating the Green's function times 
the source dipole moment density (P(x,z)) over the co-ordi 
nates of the Source: 

0112. It has been shown that when the separations between 
the Source (X,Z) and the destination (X,Z) is larger than 
roughly 5 times the diameter of the source dipole (a in the 
wire configuration shown in schematic block diagram 900 of 
FIG. 9(a)), the dipole can be approximated by a point source 
at its center. This is the “dipole approximation” (“DA), 
which is discussed in more detail in R. Escovar et al., “An 
improved long distance treatment for mutual inductance.” 
IEEE Transactions on Computer-Aided Design of Integrated 
Circuits and Systems, vol. 24, no. 5, pp. 783-793, May 2005, 
and United States Patent Application Publication No. 2005/ 
0120316, which are hereby incorporated herein by reference. 
Under this approximation, the magnetic vector potential is 
given by: 

where I denotes the current flowing through Loop1, a is the 
diameter of the dipole (the distance between the two conduc 
tors forming the loop) and 

p = Ela 

is the dipole moment acting at the point (X,Z) which lies at its 
center. This is shown schematically in block diagram 900 of 
FIG.9A. Since the vector potential resulting from both hori 
Zontal and Vertical components of the dipole moment, p, are 
directed along the third dimensions, the value of the Green's 
function G(X,Z.X'.Z.) in Expression (24) is simply the alge 
braic sum of Go, " and Goalpole". 
0113. However, for impedance extraction, it is desirable to 
accurately compute the vector potential when separations are 
of the order of, or smaller than, the diameter of the source 
dipole. In this scenario, the dipole approximation is no longer 
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valid and, in one exemplary embodiment, the source is 
replaced by a continuous distribution of magnetic dipoles 
along the line joining the two ends of the source current loop. 
As shown by the configuration in Schematic block diagram 
902 of FIG.9B, each infinitesimal magnetic dipole located at 
(X,Z) is resolved into its horizontal and Vertical components 
with diameters dx' and dz, and dipole moments 

il p il p - Id d - d. 27t X all 

respectively. The vector potential is then given by: 

Acon (x,z) = AC. (v. 3) + A.C. (v. 3) (25) 

- I Glipole (v. 3, x', 2'); I dy" + 
O 

& il I Go.c. : x', 'Éld: 
Employing Expressions (20) and (21), analytical expressions 
for A" and A..." are obtained, and are shown below in 
Section II.F. These expressions allow evaluation of the mag 
netic vector potential at any point (X,Z) due to the (2D) current 
loop formed by a pair of conductors in the presence of a 
multilayer Substrate. Expression (25) admits analytical solu 
tions easily recovered using Expressions (20) and (21) as 
input to a symbolic integration tool, such as MATLAB. The 
results are shown in Expression (35") and are trivial to com 
pute. 
0114 2. Impedance Extraction of Single-Filament Con 
ductor Loops 
0.115. In this section, mutual impedance computation 
between a source magnetic dipole and the current loop 
formed by a pair of conductors with common length L is 
discussed. The mutual inductance, per unit length, can be 
computed as: 

(26) 
M = 

I. L. 

where I denotes the flux due to the source magnetic field 
integrated over the area subtended by the affected conductor 
loop. The mutual inductance is a complex number. The real 
part of M captures the reactive coupling due to the magnetic 
interaction between the source and the affected loop, while 
the imaginary part captures the resistive loss due to the eddy 
currents generated inside the Substrate as well as in the victim 
loop. Accordingly, the mutual impedance Z (OM also has 
real and imaginary parts. In Expression (26), the flux linkage 
I can be computed by: 

= fA(r)-di, (27) 

where the contour integral is performed over the co-ordinates 
of the victim conductor loop, while A(r) can be computed by 
Expression (25) using the analytical expressions shown in 
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Section II.F. For the 2D problem considered, the affected loop 
consists of the forward and return conductors, each of length 
L., where L is much larger than the separation between them. 
Each of these conductors is located at a point in two-dimen 
sional space, its length oriented along the third dimension y 
(same as the direction of the vector potential A(r)). Hence the 
integral in Expression (27) reduces to: 

A(r) can be computed by Expression (25) using the analytical 
expressions shown in Section II.F. Substituting Expression 
(28) in Expression (26) gives: 

(A(r) - A(2)L A(r) - A(2) (29) 
I. L. 

Note that the current (I) in Expression (25) and Expression 
(29) cancels out and, as expected, the resultant expression for 
inductance is a function of geometrical parameters only. 
0116. When computing the self-inductance of a loop, the 
affected conductor loop coincides with the source loop. In 
Such cases, when the center-to-center distance between two 
conductors is Zero, the preferred way to compute mutual 
impedance is to use the geometric mean distance (GMD). The 
GMD of a rectangular cross-section conductor with respect to 
itself is given by: 

d–elog(whi)-32 (30) 

where wandt are the width and thickness, respectively, of the 
conductor filament. Hence, the loop self-inductance is given 
by: 

A (S1) - A (S2) (31) 
— —, 

A (S1) = AC,(d. 0) + A.C., (0, d.), 

Mself = 

A (S2) = AC (a + d. a.) + A.C. (a, a. + d.) 

where d and d are the GMDS corresponding to the fila 
ments sands, respectively. The loop self-impedance is then 
given by: 

where 

R 1 1 -- 
self O Y's is sis 

is the static resistance of the forward and return paths of the 
loop. As mentioned before, another dynamic contribution to 
the resistance due to magnetic effects is embedded within 
jcoMet as the imaginary part of Mr. 
0117 FIG. 10A is graph 1000 showing the mutual imped 
ance, per unit length, for different separations between two 
single-filament conductor loops, computed using the above 
analytical expressions compared to the field solver. FIG. 10B 
is a graph 1002 showing that the self-impedance of a loop 
formed by a pair of conductors (with and without the sub 
strate) calculated using the above analytical expressions has 
less than 1% error as compared to the field solver. The con 
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ductor cross-sections are chosen so as to allow a single 
filament representation of each conductor. The results are 
accurate both in free-space as well as in the presence of the 
substrate. 

0118. 3. Impedance Extraction of Realistic Multiple-Fila 
ment Conductor Bundle 

0119. In case of wide/thick conductors, with cross-sec 
tional dimensions comparable to the skin depth at the fre 
quency of concern, the computation is performed in one 
embodiment by dividing each conductor into two or more 
filaments. Moreover, a signal wire may sometimes have more 
than one nearby ground wire acting as its return path. In 
certain embodiments, the collection of a signal wire (decom 
posed into multiple filaments, f, to f.) and its neighboring 
ground wires (decomposed into filaments g to g) that con 
stitute its return path is considered. In these embodiments, 
every filament in the signal wire forms a loop with every 
filament in the corresponding return wires, resulting in mxn 
single-filament conductor loops. Such a collection of loops 
formed by the multiple filaments in a signal wire and its return 
paths is called a bundle. An example is shown in Schematic 
block diagram 1100 of FIG. 11, where Bundle1 has D-mxn 
loops and Bundle2 has D. p q loops. 
I0120 In particular embodiments, the first step in comput 
ing the impedance of Such bundles composed of multiple 
loops is to compute the loop impedance matrix. The diagonal 
elements of the matrix, Z are the loop self-impedances 
computed using Expression (32). The off-diagonal terms 
jcoM, are the mutual impedances between loops computed 
using Expression (29). Each ith loop in a bundle carries a 
fraction m of the total current I flowing through it. Once the 
loop-impedance matrix has been computed using the expres 
sions derived in the previous Sub-section, the coefficients m, 
can be found by solving Kirchhoff's equations: 

Zelf ico M12 ... n. I 1 (33) 
ico M21 Zeit, ... | 1 

Xn = 1, nie C 

From the system of equations (33), the loop self impedance of 
abundle can be found as Z-I. For the two bundles shown in 
FIG. 11, the index d (d) runs over the D (D) constituent 
loops of Bundle1 (Bundle2). The loop self impedance of 
Bundle1 (or Bundle2) and the fraction of current 0 (or 0.) 
carried by each of its constituent loops can be found using 
(33). FIG. 12 shows the frequency-dependent loop self-im 
pedance computation for a pair ofbundles composed of 1 um 
wide conductors, in the presence of a 3-layer substrate. Each 
conductor is discretized into multiple filaments to correctly 
capture skin and proximity effects. The mutual impedance of 
Bundle1 with respect to the dth loop in Bundle2 can be 
expressed as: 

(34) D1 
Bindlel d2 Mi X. nd M. 2 

d =l 
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where M. is the mutual impedance between the d" loop in 
Bundle1 and the d" loop in Bundle2. The computation of 
mutual impedances between these single-filament loops has 
been explained in the previous sub-section. Finally, the net 
mutual impedance between Bundle1 and Bundle2 can be 
computed as: 

D2 (35) 

Mil: = Xn, Mile 
d2=l 

0121 E. Results 
0122. In this section, the accuracy and computational effi 
ciency of the exemplary 2D impedance extraction embodi 
ment is demonstrated. The exemplary embodiment is based 
on the 2D magneto-quasi-static assumption, in the presence 
of a multi-layer conductive substrate. It should be noted that 
the impedance computation involves integrals of a highly 
oscillatory Green's function, shown in Expression (13), and a 
further integral over the source dipole, shown in Expression 
(25). Both integrals may have significant cancellations 
depending on the interconnect geometry. Hence, it is not 
feasible to directly estimate the error in the impedance com 
putation from the error in the Green's function. To verify the 
accuracy of the exemplary 2D impedance extraction embodi 
ment, Section II.E.1 shows comparisons with the 3D electro 
magnetic field solver Fasthenry, as well as the commercial 
full-wave field solver HFSS, for a wide range of realistic 
VLSI interconnect configurations. The computational effi 
ciency of the exemplary 2D impedance extraction embodi 
ment, due to the analytical expressions for the Substrate 
Green's function, is shown in Section II.E.2 through compari 
sons with 3D (Fasthenry) and with 2D PEEC based compu 
tations. Note that in all the examples shown, each conductor 
is discretized into the same number of filaments with the 
exemplary embodiment as that with Fasthenry or PEEC, in 
order to capture skin and proximity effects. 
(0123 
0.124 FIG. 12 is a graph 1200 showing the frequency 
dependent loop self-impedance for two bundles composed of 
1 um wide conductors, in the presence of a 3-layer Substrate. 
The self impedance computation shows maximum 1% error 
in the magnitude of impedance in comparison with Fas 
thenry, across the entire frequency range. 
0125. When wide and thick conductors are discretized into 
multiple filaments to capture skin and proximity effects, the 
relative positions of the filaments that comprise the conductor 
loops will not conform to the discrete positions occupied by 
conductors on individual metal layers. As an example of Such 
a scenario, graph 1300 in FIG. 13 shows that the exemplary 
2D impedance extraction embodiment gives Small error (<1: 
5%) for an arbitrary configuration of multiple conductors, in 
the presence of a 3-layer substrate. 
0126 Graphs 1400, 1402, and 1404 of FIGS. 14A-C plot 
the self and mutual impedances of two conductor loops on 
different metal layers. The vertical separation of the conduc 
tors above the substrate is chosen such that the effect of the 
Substrate on self and mutual impedance is significant. The 
dashed lines in graph 1406 of FIG. 14D show that the sub 
strate causes as much as 20% variation in the impedance. It is 
found that the exemplary embodiment captures the effect of 
the Substrate on interconnect impedance with high accuracy 

1. Accuracy 
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(solid lines show errors less than 2%) in the entire frequency 
range of interest for digital circuits (20-100 GHz). 
I0127 Next, the network Z-parameter (Z11) for a conduc 
tor loop is compared to that obtained from the commercial 
fullwave field solver, HFSS. The Z11 parameter is computed 
by using a Spice distributed transmission line model, wherein 
the resistance and inductance per unit length are computed by 
using the disclosed method, and the capacitance is obtained 
from FastCap. The geometry simulated with HFSS is shown 
in the inset of graph 1500 of FIG. 15. The conductor loop is 
closed by including additional metal strips at the far and near 
ends of the loop. The effect of the additional metal is insig 
nificant since the length of the conductors is much larger than 
the transverse separation between them. A small gap (0.2 Lum) 
is left at the near end where a lumped port excites the con 
ductor loop. The results of the comparison are shown in graph 
1500 of FIG. 15. The maximum error observed in the mag 
nitude of the Z11 parameters for this configuration is less than 
2%. Note that for frequencies beyond 60 GHz, the results from 
HFSS become unstable for the configuration shown. 
0128. In Subsequent paragraphs, the accuracy of the exem 
plary 2D impedance extraction embodiment disclosed herein 
is compared with Fasthenry for several typical interconnect 
geometries. 
I0129 Graphs 1600, 1602 shown in FIG. 16 show the 
impedance for a common configuration where both the signal 
lines (S1,s) share the three ground return paths (giggs) to 
form two bundles: Si-giggs and S2-giggs. Results for the 
self and mutual impedance show good agreement with Fas 
thenry. Graphs 1700, 1702, 1704, and 1706 of FIG. 17 show 
the impedance computation results for a realistic global inter 
connect geometry at the 45 nm node. The interconnect geom 
etry parameters 1710 and the configuration 1712 are shown 
alongside the graphs 1700, 1702, 1704, and 1706. In this case, 
the error with respect to Fasthenry is less than 1%. Schematic 
block diagram 1800 of FIG. 18 shows a long Manhattan wire 
with orthogonal segments running on adjacent metal layers 
M10 and M11, along with a regular grid of ground wires. 
Each segment of the signal line is routed in close proximity to 
a segment of the ground grid on the corresponding metal 
layer—a common design for timing-critical global intercon 
nects to control inductive effects. The mutually perpendicular 
segments of the Manhattan wire are decoupled (for example, 
segments AB and BC). On the other hand, the mutual imped 
ance between far apart parallel segments AB-CD (or between 
BC-DE) can be neglected because of the large separation (100 
um-200 um) between them. Hence, the exemplary embodi 
ment can be separately applied to each linear segment (AB, 
BC, CD and DE, respectively) to obtain the impedance of the 
Manhattan wire. As shown in graph 1802 of FIG. 18, results 
using the exemplary embodiment have a maximum error 
about 2% over the entire frequency range of interest. Monte 
Carlo simulations for a large number of randomly generated 
interconnect geometries can be run for global wires at the 45 
nm node, over a wide range of frequencies. The results are 
shown in graph 1900 of FIG. 19. The maximum error 
observed is 2.33%. 
0.130 2. Computational Efficiency 
I0131 The exemplary 2D impedance extraction embodi 
ment disclosed herein is based on analytical expressions for 
the substrate Green's function, wherein the substrate bound 
ary conditions are implicit. The only filaments that need to be 
considered in the Solution are those corresponding to the 
interconnects themselves. On the other hand, both Fasthenry 
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and the 2D PEEC method used for comparison, are based on 
the free space Green's function. Hence, the substrate layers 
are included as explicit conductors. At relevant high frequen 
cies, these layers are typically discretized into a large number 
of filaments, as shown below, resulting in a large linear sys 
tem of equations. 
0132 Table III compares the computation time with Fas 
thenry to that with the exemplary 2D impedance extraction 
embodiment disclosed herein. The number of filaments for 
representing the Substrate in FastFenry is chosen by progres 
sively increasing the number of segments in the Substrate 
layers until the result stabilizes. It is observed that the accu 
racy levels achieved with the exemplary 2D impedance 
extraction embodiment are accompanied by almost two 
orders of magnitude reduction in computation time. Since 
FastFenry is applicable to general 3D interconnect geom 
etries, the exemplary 2D impedance extraction embodiment 
is compared with a 2D PEEC-based computation in Table IV. 
The number of filaments in the Substrate for 2D PEEC are 
selected to ensure that the filament cross-sections are less 
than the skin depthat the specified frequency. As the thickness 
of the low-resistivity top layer of the substrate increases to a 
few um, the computation cost with 2D PEEC increases sub 
stantially due to the larger number of filaments required. On 
the other hand, with the exemplary 2D impedance extraction 
embodiment, a change in the Substrate layer thickness only 
demands evaluation of a new set of substrate images while the 
impedance computation cost remains constant. Hence, Table 
IV shows orders of magnitude improvement incomputational 
efficiency by using the exemplary 2D impedance extraction 
embodiment disclosed herein. Finally, the speedup observed 
from Monte-Carlo simulations on a large number of ran 
domly generated interconnect geometries are shown in FIG. 
20. The minimum speedup observed in the self impedance 
computation with respect to 2D PEEC-based computation, is 
15. 

TABLE III 

COMPUTATION COST FOR SELF AND MUTUALIMPEDANCE 

EXTRACTION FOR DIFFERENT INTERCONNECT AND 

SUBSTRATE CONFIGURATIONS IN COMPARISON WITH 

FASTHENRY AT 100 GHZ. 

Fcond For T. (s) TZ (s) 

FIG. 10A FH 1 21640 517.7 

Discl. 2D Method 1 4 91.34 <1 Sec 

FIG. 12 FH 15 21700 631.4 

Discl. 2D Method 15 75 90.6 12.39 

FIG. 13 FH 1 23360 99.67 

Discl. 2D Method 1 6 90.6 <1 Sec 

FIG. 14 FH 15 22400 108.89 

Discl. 2D Method 15 60 90.6 3.62 

F: FILAMENTS PER CONDUCTORS: 
F: TOTAL FILAMENTS INCLUDING SUBSTRATE; 
T: TIME TO COMPUTE IMAGES (ONE TIME COST); 
T2: TIME TO COMPUTE IMPEDANCE 
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TABLE IV 

COMPUTATION COST FOR SELF IMPEDANCE EXTRACTION 
OF A 2-CONDUCTOR LOOP OVERA 500 m WIDE 3-LAYER 
SUBSTRATE, EACH CONDUCTOR 1 M WIDE AND 0.5 m 

THICK, AT 100 GHZ. SUBSTRATE PROFILE IS SHOWN IN FIG. 
6(B). 

Z Fcond Fsub T, (s) TZ (s) 

1 Im 2D PEEC 15 1323 110.2 
Discl. 2D Method 15 O 90.6 <1 Sec 

2 Im 2D PEEC 15 1952 313.7 
Discl. 2D Method 15 O 107.1 <1 Sec 

3 m 2D PEEC 15 2581 821.5 
Discl. 2D Method 15 O 166.9 <1 Sec 

4 um 2D PEEC 15 3829 2816 
Discl. 2D Method 15 O 75.2 <1 Sec 

5um 2D PEEC 15 4468 4522 
Discl. 2D Method 15 O 146.8 <1 Sec 

z: THICKNESS OF TOPSUBSTRATE LAYER: 
F: NUMBER OF FILAMENTS PER CONDUCTOR: 
F: NUMBER OF FILAMENTS FOR SUBSTRATE; 
T: TIME TO COMPUTE IMAGES (ONE TIME COST); 
T2: TTME TO COMPUTE IMPEDANCE. 

0.133 Embodiments of general methodologies for self and 
mutual impedance extraction of VLSI interconnects, in two 
dimensions, in the presence of a multi-layered conductive 
substrate have been described. Many of the exemplary 
approaches are based on the Green's function for a magnetic 
dipole, which naturally leads to current loops giving the cor 
rect physical representation for on-chip conductor currents. 
The relevant regimes of distances and frequencies are also 
covered. The resulting exemplary expressions (e.g., (20), 
(21), (25), (29), (31), (32), (33), (35)), as well as those shown 
in Section II.F below, are simple analytical expressions 
depending on parameters that can be easily extracted from 
real exponential least-square fits to known formulae. The 
suitability of the described embodiments for massive extrac 
tion problems is self-evident. For example, embodiments of 
the disclosed technology are significantly more accurate than 
the approximate complex image method, more efficient than 
the RFFM, and much simpler to realize than the DCIM. In 
addition, a continuous dipole distribution can be employed to 
compute the magnetic interaction between conductor loops at 
very small distances from the source current distribution. This 
approximation allows one to directly apply the dipole Green's 
function to self and mutual impedance computation. The 
results show that this methodology can be applied to accu 
rately compute the impedance of realistic wire configurations 
in cases where the Substrate is found to significantly impact 
interconnect impedance. The saving in computation time as 
compared to the electromagnetic field solver, FastFenry, is 
almost two orders of magnitude. 
10134) F. Analytical Expressions for A" and A.” 
I0135) In the following equations, the expressions for the 
freespace terms, A.” and A...", and the substrate contri 
bution terms, Ali," and A", of the magnetic vector 
potential are shown separately for readability. The following 
expressions represent the results of computing Expression 
(25) analytically, and are labeled collectively Expression 
(25'). 
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Ali sub 

Ae: sub 

X il A.C. (v. 3) = ? Glipole (v. 3, v', 2"); Idy 
O 

SC 

= A(x,z) + AC(x,z) 

1 (x - a)' +: 
-sul 

For pi 
AE(x, z) = - X 1 X - d. 27t In 

1 + tan2(9 X 

f(A, B, C, x, ar) 

where, 

A = 1 + tan’0; 

B = -2x - 2:tand; 

C = x + 2. 

pil 
(X, <) = 2. X 

2 i x - a) + 3 + 2h -- - - f ( ) ( 
-- C; 

i x2 + (: +2h - ..) y 

X6, f(A, B, C, x, a) 
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A = 1 + tan(); 
Ci 
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f(A, B, C, a, a.) 

where, 

A = 1 + tand; 

B = -23-2xtand; 

C = x + 2. 

2 x + 3 + a + 2h - f ( & 
--I C; 

- it x2 + 3 + 2h + i. (x,z) = -2 x ( y 
Xf f(A, B, C, 3, a.) 

where, 

A = 1 + tand); 

e (x, z, v'. 2"); Id: 27t 

... if tane = 0, 

... if a. = xtand. 

... otherwise, 

C 

i) 
2 

2 

... if tane = 0, 

... otherwise, 

... if tangi = 0, 

... if X = xtand, 

... otherwise, 

Ci 

2 
) 
2 

... if tan i = 0, 

... otherwise, 
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-continued 

0.136 where, in the previous three equations, 

f(A, B, C, x, a) = 

-l tail -- 
2x + Bf A (VT, Aa + Ba, + C --In and 

V-B2 + 4AC ( B 2A C tal 
W-B2 - 4AC 

f(A, B, C, a, a) = 

tan- B+2Aa. )- 
23 + Bf A W-B2 - 4AC !- As that c - - - - H 

v-B2 + 4AC | ( B 2A C 
W-B2 - 4AC 

III. Three-Dimensional Treatment of VLSI Interconnect 
Impedance Extraction in the Presence of Multi-Layer Con 
ductive Substrate 

10137 A. Introduction 
0.138. For high-frequency VLSI interconnect impedance 
extraction, current loops formed by a signal wire and its 
parallel return paths which carry currents in the opposite 
direction can be considered. The collection of a signal wire 
and its return paths can be partitioned along their length to 
form bundles, as shown in the schematic diagram 2100 of 
FIG. 21. In each bundle, all wires have the same length and the 
cross-section of each conductor as well as the separation 
between conductors is uniform along its length. Each bundle 
comprises multiple current loops, each formed by a pair of 
parallel opposing current filaments (explained in further 
detail in Section III.C.2.) The current loop is the smallest unit 
referred to in the description of interconnect loop impedance 
below. An example of Such a current loop is shown in sche 
matic diagram 2200 of FIG. 22. 
0.139. The physical equivalent of a current loop describing 
on-chip interconnect currents, as shown above, is a magnetic 
dipole. These magnetic dipoles constitute the sources of mag 
netic fields that interact with other conductors, and are 
described below. For on-chip conductors in VLSI circuits, the 
relevant length scales for conductor bundles (few hundred 
micrometers) are much smaller than the wavelength at the 
highest frequency of concern (few millimeters at 100 GHz). 
Hence, a quasi-static description of the magnetic field is 
appropriate (this quasi-static assumption is validated below 
with the comparisons of the results from the exemplary 
method described herein with results from full-wave field 
solvers). 
0140) 1. Vector Potential Green's Function in Integral 
Form 

0141 Because on-chip conductors are confined to discrete 
metal layers in the x-y plane, the current loops they form are 
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planar, although they may have arbitrary orientations, as 
shown by diagram 2200 in FIG.22. For a planar loop carrying 

-e 

current I, its magnetic dipole moment p is perpendicular to 
the plane containing the loop, and its magnitude is given by: 

p=I-LoopArea (36) 

Rotational symmetry allows one to choose the y-axis along 
the length of the wires forming the current loop. In this case, 
-e 

p is orthogonal to the y-axis: 

In order to efficiently compute the self and mutual impedance 
of interconnects, a Green's function approach can be 
employed to first compute the magnetic vector potential fields 
due to an infinitesimal magnetic dipole source at a point in 
three-dimensional space. Finite interconnect loops can then 
be treated as a Superposition of point sources over the area 
occupied by the loops, as shown later in Section III.A.2. In the 
presence of a multi-layered conductive Substrate, analytical 
expressions for this Green's function that allow for the imped 
ance computation to be performed efficiently can be used. 
This approach is referred to herein as the exemplary 3D 
impedance extraction embodiment. 
0142 Consider two opposite currents Iy and -ly in the X-y 
plane, centered at (x,y,z) and separated by an infinitesimal 
distance a, lying above a multi-layered Substrate, as shown in 
FIG. 2. The two currents constitute a 2-directed magnetic 
dipole. In one exemplary embodiment of the disclosed tech 
nology, the following analytical expression for the y-directed 
vector potential Green's function Galpolev can be used: 

Giles (x, y, z, v', y, z) = (38) 

k 

- it k. 
X p dk, dky 

2(27t)2 (all- -- Ele' 

The above expression for the dipole Green's function has the 
expected form—the first term corresponding to a magnetic 
dipole source in free space (no Substrate), and the second 
arising due to the presence of the substrate. Moreover, the 
substrate term (referred to herein as the secondary field) is 
nearly identical inform to the free space term (primary field), 
except for the coefficient: 

k.-k (39) 
k + k, 

Evidently, X is the only factor in Expression (38) dependent 
on Substrate properties, while all other parameters are merely 
geometry dependent. For an N-layer Substrate, the general 
coefficient X can be derived in similar fashion, yielding the 
following expression: 

Giles (x, y, z, x, y, z) = (40) 
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0.143 2. Discrete Complex Images for the Substrate 
0144. The effect of multi-layered substrate media on the 
vector potential field due to various sources such as 3D elec 
tric and magnetic dipoles, 2D line currents, and 2D magnetic 
dipoles, have been studied in the published literature. In all 
cases, the net field at r due to a source located at r" (where 

-e - e. 

both r , r" are located in the region above the substrate) is 
obtained in similar form as shown above: the sum of a primary 
field due to the source in free space and a secondary field due 
to the substrate. It is noteworthy that although the particular 
expressions for the two terms may vary depending on the 
source, the coefficient X always appears unaltered. 
0145 Although analytical expressions are well-known for 
the primary field component of the substrate Green's function 
(38), analytical computation of the entire integral expression 
is hampered by the coefficient X. Hence, to obtain closed 
form expressions for the substrate Green's function, the 
exemplary 3D impedance extraction embodiment disclosed 
herein uses a suitable approximation to X that transforms the 
secondary field expression into an analytically integrable 
form. In one desirable implementation, the preferred approxi 
mation for X, called the "discrete complex images method 
(“DCIM), uses a linear sum of complex exponentials. It was 
shown above that the following modified approximation for 
the DCIM extends several desirable properties to the general 
approach, including lower fitting time and Smoothness across 
a wide range of frequencies: 

S. (41) w = X f3, ek 1) 
k=1 

where k, +ke (0, oo).Y.’ jou(O,+jce), and C. B. are 
found by non-linear least squares fitting. A detailed discus 
sion of the fitting procedure is provided in Section III.C.1 
below. It was shown above that under the above approxima 
tion the effect of the substrate is captured as the effect of M 
images of the source dipole. The Z-displacement of the kth 
image dipole is dependent on C, and its dipole moment is a 
fraction? of the source dipole moment (XB-1), as shown in 
schematic block diagram 2300. 
0146. Using the above approximation, and noting that the 
exponentials in Expression (41) readily combine with those 
in the integrand of Expression (38), the net field in the pres 
ence of the substrate takes the general form: 

...' ...') - - - - - (42) Fnet (r, r ) = Fprimary(r, r ) + A N F secondary(r, r ) 

- - i - - 

= Fprimary(r. r )+X, f). Forman (r. r , ak) 
k=1 

where F is the field due to an image of the source dipole 
and has a functional form similar to the term F primary. Hence, 



US 2009/0228847 A1 

if analytical expressions are found for F, or the Green's 
function in free space, they can be applied to compute the 
secondary field as well. The following section will use this 
approach to derive analytical expressions for the Substrate 
Green's function corresponding to a magnetic dipole. 
0147 3. Analytical Green's Function for Magnetic Dipole 
in Free Space 
0148. Now, for a single current Iy in free space (no sub 
strate), the vector potential Green's function in the quasi 
static domain is well-known: 

il 1 (43) 

Noting that the vector potential Green's function for a mag 
netic dipole consisting of two opposite currents is given by the 
gradient between the Green's functions corresponding to the 
two isolated currents, Expression (43) can be used to get an 
alternative representation of the dipole Green's function in 
free space: 

1 (44) 

2 
(x-x' -- + (y-y’) + (z-z')? 

Gro = slim Axl free = y lin, 4 X 1 

Indeed the same expression can be derived by using the defi 
nition of magnetic dipole moment: 

and the Green's function for a magnetic dipole: 

- - x -> 46 
Cipolenzyl u (r. - r )xp (46) 
Jr. - 4t r - r p. 

it (x - x') 

0149 Recognizing this simple form of the vector potential 
Green's function for on-chip interconnect currents in free 
space, and noting that in the presence of a Substrate the 
Green's function can be approximated by a linear combina 
tion of the free space Green's function for the dipole source 
and that for each of its complex images, the multiple dimen 
sion integrals of the kind shown in Expression (38) can be 
avoided. Convenient analytical expressions can thus be 
obtained for the substrate Green's function, as shown in the 
next section. 
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0150 B. An Exemplary Impedance Extraction Method for 
General VLSI Interconnects in Presence of Multi-Layer Sub 
Strate 
0151 1. Analytical Magnetic Vector Potential Green's 
Function for a 3D Magnetic Dipole in Unbounded Space 

-e 

0152 The quasi-static magnetic vector potential at r" due 
-e 

to a magnetic dipole located at a point r in unbounded/free 
space (no Substrate), is given by: 

— — il px (r-r) (47) 
A (r, r) = x to - r-r 

-e - e. 

(0153. The vector potential Green's function (G'(r, r") 
-e - e. 

gives the vector potential (A(r, r") in unbounded space due 
to a unitary magnetic dipole (p=1) located at (r). In this 

-e - e. 

discussion, the notation (G(r, r ) is used to describe the 
V-directed component of the vector potential Green's func 
tion due to a u-directed magnetic dipole, where u, v refer to 
one of the three co-ordinate axes. The relevant expressions for 
G, are described below. Mathematically, G is a second-rank 

s 
tensor G. 
0154 Due to the choice of co-ordinates, the y-component 
-e 

of p is zero in Expression (37). Hence, 
G=G=G=0. (48) 

0155 Moreover, the cross product in Expression (47) 
implies that G is perpendicular to the source dipole moment 
-e 

p. In other words, the Green's function due to an x-directed 
dipole source will have no component in the X-direction. 
Hence: 

Since the interaction between wires that lie in the x-y plane 
(vertical conductors or vias are ignored) is considered, the 
components G, along Zare not relevant. Hence, G (the only 
non-zero component along 2) is ignored. 
0156 From the observations above, the vector potential 
Green's function (in the x-y plane) at a point r (x,y,z), due 
to a unit magnetic dipole source located at a point r(x,y,z) 
in unbounded space, can be written as: 

Guy G. (50) 
d 

O 

0 0 O 

G. Gay 0 

(O157 Substituting (37) in (47), and with p=1, we get: 

G ', y, z) = 1 x sin(d)(3-2') (51) 
y(x, y, z, v', y, z) = St. v2 cyly 2 (28.2 

cos(b)(x - x') (52) 
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0158 2. Analytical Magnetic Vector Potential Green's 
Function for a 3D Magnetic Dipole in the Presence of a 
Multi-layer Substrate 
0159 For the vector potential Green's function in the pres 
ence of a multi-layer substrate, the modified discrete complex 
images method explained in Section III.A.2 above can be 
used to represent the Substrate as a series of images of the 
source dipole (see diagram 2300 of FIG. 23). This represen 
tation is obtained from the approximation in Expression (41), 
where C determines the spatial location of each image dipole 
and f is its fractional dipole moment XB-1. The procedure 
for computing accurate values for the parameters (C, B) is 
explained in the following section. Using this approximation, 
the problem of one dipole source over the substrate is trans 
formed into that of K+1 dipoles (Source and its Kimages) in 
unbounded unbounded space. The vector potential due to the 
combined effect of K+1 dipoles is given by the superposition 
of the vector potential due to each dipole considered in iso 
lation. Hence, the vector potential Green's function at (x,y,z) 
due to a source dipole located at (x,y,z) in the presence of a 
multi-layer Substrate is given by: 

K 

G'(x, y, z, x', y, z") + G." (x, y, z, x, y, z') 
k=1 

The expressions for Greeare given in Expressions (50)-(53). 
- 

The expressions for Gymn which correspond to the Kimages 
of the source dipole, are easily obtained by relocating the 
Source from (x,y,z) to (x,y'-(Z'+O/Y), and multiplying by 
the linear coefficient B, thus: 

0160 3. Impedance for a Finite Current Loop 
0161 The Green's function shown above gives the vector 
potential due to a unit magnitude dipole source located at a 

-e 

point r =(x,y,z). To find the vector potential at any point 
-e 

r =(x,y,z) due to a finite size current loop, the finite loop can 
be considered as a Superposition of infinitesimally Small point 
Sources in the area occupied by the current loop, each having 
a loop area dx'xdy' and carrying current I. The co-ordinates of 
the Source (x,y,z) span the rectangular area shown in FIG. 
22, whose extremities are defined by (x,y,z), (x,y,z), 
(X2,y,z) and (X2y2.Z2). Expressing the Z-coordinate of the 
source in terms of X and p: Z, Z+(x-x)tan(p), the vector 

-e 

potential at r =(x,y,z) due to the finite current loop in 
unbounded space is given by: 

= S(Ay(x, y, z) + Ay(x, y, z)) + 3A (x, y, z) 

where 

y2 x2 A A (57) 
Ay(x, y, z) = Gy(x, y, z, x, y, z, ) dix' dy 

y X 
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-continued 
y2 x2 A A (58) Ay(x, y, z) = ? Gy(x, y, z, x, y, z, ) dx dy 

y X 

0162 For impedance extraction of VLSI interconnects, 
two-conductor loops are considered as shown in the sche 
matic block diagram 2200 of FIG. 22, where the currents are 
either along x or y. Hence, for the particular choice of coor 
dinates used here (no currents along x), the term A. O. As 
expected, the resultant magnetic vector potential is directed 
along y, just as the currents in the source loop. The mutual 
inductance between the Source current loop and a victim 
conductor is given by: 

M = (60) 
I 

five-di ki 
I 

-e 

where d 1 is the length vector for an infinitesimal element of 
-e 

the victim conductor, r is the position vector for this ele 
ment, and 1 is the contour along the conductor length. 
0163 For a victim conductor oriented along y extending 
from (X-sys. Z) to (x,y,z). Expression (60) becomes: 

4. A free (61) (x3, y, (3) dy 
M free - 93 

Taking the components of Acr) alongy in Expression (56): 

M free- -- 

= Mir-i Mi. 

0164 All the integrals shown above can be evaluated in 
closed form. The exact expressions for M?. and M?. are 
given in Expression (63): 
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-continued 

M = 

cos(b) Vn2+ v2 - v y-'-24 
(in - - - - +2v m + v? |- 2 Vn2+ v2 + y 

fill costs (( (i)tanh'? = + COS S. COS 
4t k (v n2+ v2 

tantsov, ) al 

3 cos(b) V2 - 2 y'=y1 
1 Jy =y 

u = x3 - x'; v = y - y'; 3 = (3 - 31) - (x3 - xi)tan(d) 

t = itsec(d) + a sin(d); m = t + zicos(b) 

(0165. In the presence of a multi-layer substrate, G"in 
Expression (56) must be replaced by disfrom Expression 
(54) to get: 

sitt 92 (2. A A (64) A (x, y, z) = G'(x, y, z, x', y', 3) Idy' dy 
y 3. 

Using Expressions (54) and (55), the following can be 
obtained: 

-> y2 x2 (65) 
sub free A A A" (x, y, z) & G'(x, y, z, x, y, z, ) idy' dy' + 

y - x 

K 

is the Z-coordinate of the kth image dipole. Since the inte 
grands have the same form as those in unbounded space, the 
subsequent integrals for the mutual impedance M' in the 
presence of a multi-layer Substrate can also be computed 
analytically: 

K (66) 

M = Mir-i Mitre+X B (Mie - Mige) 
k=1 

where M" and Me" are given by the same expressions as 
those for M?. and M?., respectively, with the following 
modification to Expression (63): 
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The equations above are Sufficient to compute the impedance 
of Manhattan interconnects by orienting the coordinate axes 
such that relevant conductors are parallel to S. Although the 
expressions shown are for mutual impedance only, the self 
impedance can be computed trivially using the same expres 
sions while replacing the distance u=XX' with the Geometric 
Mean Distance (“GMD) of the conductor with respect to 
itself. 

0166 Besides Manhattan interconnects which are always 
inclined at right angles, we are also interested in computing 
the impedance of inductors, which may comprise conductor 
segments inclined at arbitrary angle 0. In this case, we choose 
a co-ordinate system that aligns the source current loop to y. 
For the victim conductor extending from (X.y.a. Zs) to (Xaya, 
Zs), the X-coordinate can be expressed in terms of is y-coor 
dinate as: X, Xs+(y-ys)tan(0). The mutual impedance is then 
given by the integrals shown in Expression (68). The integrals 
are also analytically performed (using well-known symbolic 
integration tools, such as MATLAB) but the expressions are 
omitted for the sake of brevity. 

a y - y' a'-2'-y2 (68) 
M free- icos(b) -Sinh' - dy + 

y3 (x, - x)2 + 

(3-3, 
- 1 Jy =y 

y4 

4t 
y3 

- Y'Y? v- ' a'-2'-y2 sin(d) tan' (xy - x')(y-y') 

( ) (xy - x)2 + 
23 
3 (y-y) + (3-3, 

* - 1 Jy =y 

dy 

0.167 C. Exemplary Implementations of Impedance 
Extraction Methodology for VLSI Interconnects 
0168 1. Modified Discrete Complex Images for Multi 
layer Substrates 
0169. As explained before, the modified discrete complex 
images approximation, shown in Expression (30), allows one 
to represent the effect of the substrate as the combined effect 
of a series of images of the source magnetic dipole. The 
advantage of this representation is evident from the conve 
nient analytical expressions for the mutual impedance 
between conductor currents that have been derived in Section 
III.B. In Section II above, it was shown that a non-linear least 
squares fitting approach to compute the complex image 
parameters, with C, B e. R and starting values C B 1. 
provides good accuracy for two-dimensional interconnect 
configurations (long and narrow loops). In the general case, 
when the current loops are wide, or when the transverse 
separation of a signal line from its return path is comparable 
to the conductor length, the effect of the substrate is more 
pronounced and higher accuracy is needed. In one exemplary 
embodiment, the Variable Projections (“VP) algorithm is 
employed, which has proven very useful in the solution of 
exponential fitting problems such as Expression (41). In the 
following paragraphs, the basic principle of the VP algorithm 
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and one exemplary procedure for obtaining accurate complex 
image approximations for multi-layer Substrates employing 
this algorithm are described. 
(0170 a. Variable Projection Method for Non-Linear Least 
Squares Fitting 
0171 The search for an accurate set of images (CB) for 
a particular Substrate configuration at frequency () constitutes 
a non-linear least Squares problem we seek values for C. 
and B, so as to minimize the sum of the squares of the dis 
crepancies between the right and left hand sides of Expres 
sion (41), for all values of the Fourier transform variable we 
(0. OO). Exact expressions for Xy (R, ... R. ())) (Subsequently 
referred to simply as X, for conciseness) are known, in terms 
of W. Hence, for a set of J observation points in (0, Oo), we 
have a vector of observations (0%. , e (0,x)} as the input 
data set to the following non-linear least squares problem: 

(69) K 

mineX 3. (f3 d5(ak, A) - x) 
k=1 

where C and 3 are the parameters to be determined such that 
the discrepancy of the model?, p(CJ) with respect to the 
complex observations X, is minimized. Since this is a non 
linear non-convex problem in general, it can have multiple 
solutions. Writing the JXK matrix {p(C.J.)} as d and the 
vector of observations {x} as X, the vector residual in Expres 
sion (69) is concisely represented as: 

Now, for each fixed value of C. Expression (70) is a linear 
least squares problem, whose solution can be explicitly writ 
ten as: 

where d"(C.) is the pseudo-inverse of db. Replacing this 
expression in (69), the original non-linear least Squares prob 
lem becomes: 

Since I-d(c)d"(C)=P. is the projector on the Subspace 
orthogonal to the column space of db. Expression (72) has 
been called the Variable Projection functional. An obvious 
gain by this procedure, as opposed to the initial problem, is a 
reduction in the number of variables, since the linear param 
eters (B) have been eliminated from the problem. 
0172 b. Complex Images Using Variable Projection Algo 
rithm 
0173. In exemplary embodiments of the disclosed tech 
nology, the VP algorithm described above is applied to solve 
the nonlinear least Squares problem to determine the complex 
images in terms of the best fit parameters C and f. The 
values (CB) e C are allowed. To ensure a good fit, the VP 
algorithm naturally satisfies the requirements that Re(C.)>0 
(for convergence) and XB-1 (which is a property of the 
input data, X). Before the VP algorithm is applied to solve the 
non-linear least squares problem, two choices must be made: 
the number of exponentials (K) in the model (or the number of 
complex images), and the starting values for the non-linear 
parameters C. 
0174. In general, increasing the number of images 
improves the accuracy of the approximation, while simulta 
neously increasing the cost of computation. Moreover, a large 
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number of images leads to instabilities that make it difficult to 
find a good approximation. In certain implementations, 
choosing K between 5 and 10 is sufficient for an accurate 
approximation and reasonable computation cost. It has 
always been observed that Kd10 can lead to diminishing 
returns. 

0.175. It has also been found that the choice of starting 
values for the parameters C has a much greater bearing on the 
accuracy of the approximation than the number of images. As 
explained in the previous sub-section, the Variable Projection 
method eliminates the need to guess initial values for the 
linear parameters 3. In embodiments of the disclosed tech 
nology, complex image representations of the Substrate overa 
wide range of frequencies (20-100 GHz) are of interest. Since 
it is known from the modified DCIM that the exponential 
parameters lie in the vicinity of the complex number 1/Y, one 
can start at one end of the frequency spectrum (say 100 GHz) 
using random values between 0 and 1 as starting guesses for 
C. The best fit values for C. obtained from the VP algorithm 
at this frequency are used as the starting guess for an adjacent 
frequency point. Since X is a Smooth function of (), the best fit 
values for obtained from the VP algorithm at this frequency 
provide a good starting guess for the parameters at the next 
adjacent frequency, as long as the next frequency point is 
close enough to the first. This strategy of “continuation' in 
frequency is applied progressively over the entire frequency 
range of interest. If the desired level of accuracy is not 
achieved at all frequency points, this process may be repeated 
across the frequency range by choosing as starting values the 
parameters at the frequency point with minimum residual 
error. This procedure is summarized in flowchart 2400 illus 
trated in FIG. 24. 

0176 2. Impedance Computation for Realistic Dimension 
Interconnects 

0177. The expressions for self and mutual impedance 
shown in Section III.B are valid for conductors with uniform 
cross-sectional current density. For wide/thick conductors, 
with cross-sectional dimensions comparable to the Cu skin 
depth at the frequency of concern, the current density is 
non-uniform due to skin and proximity effects. In Such cases, 
the computation is performed by dividing each conductor into 
multiple filaments such that piece-wise constant current den 
sity can be assumed for each filament. The discretization into 
filaments of each conductor in abundle is shown in Schematic 
block diagram 2500 of FIG. 25. Each ith filament in the 
conductor carrying the forward current (unshaded) forms a 
loop with each jth filament in the conductor carrying the 
return current (shaded), resulting in L. loops. The following 
linear system of equations is then solved to compute the net 
current I flowing through the twoconductor bundle: 

11 1 (73) 

1 

where Z, is the self impedance of the lith loop, M is the 
mutual impedance between the lith and pth loops, and m, is the 
fraction of the total current I flowing through the lth loop. 
Finally the impedance of the bundle is given by Z-T". 

R +ico M11 ... ico M11 

ico ML1 

Xn = 1, nie C 
. RL + ico MLL 
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0178. In practice, since the loop impedance matrix shown 
above is large and ill-conditioned, a hierarchical technique 
can be employed to solve the linear system. As shown in FIG. 
25, instead of discretizing a wire into mxn filaments at once 
(diagram 2500), each wire is first subdivided into n (wide) 
filaments along its thickness (height). Each wide filament is 
then further discretized into m (thin) filaments (diagram 
2502) along its width (in diagrams 2500 and 2502, m=7 and 
n=5). In accordance with this hierarchical (two-step) discreti 
Zation of the conductors, the corresponding impedance 
matrix is organized into S-nxn sub-blocks of mixmele 
ments (in the example shown the signal wire and return wire 
have the same discretization), as shown in diagram 2504. 
0179 The solution of the linear system proceeds as fol 
lows. For each sth sub-block of mixm elements, the linear 
system shown in diagram 2506 is solved to obtain an equiva 
lent impedance value Z. Each Z, can be interpreted as the net 
impedance of the corresponding bundle of m loops. Finally, 
the linear system in diagram 2508 formed using Z computed 
for each subblock is solved to obtain the net impedance of the 
bundle. 

0180 D. Results 
0181. In this section, the accuracy of the exemplary 3D 
impedance extraction method is demonstrated for a typical 
substrate configuration in comparison with the 3D electro 
magnetic field solver Fasthenry, which is also based on the 
magneto-quasistatic (“MQS) assumption. Note that in all 
the comparisons shown, each conductoris discretized into the 
same number of filaments when using the exemplary method 
as with FastFenry, to capture non-uniform current densities 
under skin and proximity effects. Also shown are compari 
sons with the commercial fullwave field solver HFSS to 
ascertain the validity of the MQS assumption used in the 
exemplary embodiments disclosed herein. 
0182 Schematic block diagrams 2600 and 2602 of FIG. 
26 shows the interconnect geometry for two current loops on 
different metal layers. The interconnect parameters are based 
on ITRS recommendations for the 45 nm technology node. 
The impedance computation results using the exemplary 
three-dimensional quasi-static Green's function approach 
disclosed herein are shown in graphs 2700 and 2702 of FIGS. 
27A and 27B, respectively. For a wide range of frequencies 
(graph 2700 of FIG. 27A) as well as for different values of 
separation between signal and return paths, or loop width 
(graph 2702 of FIG. 27B), the results show good agreement 
with Fasthenry. 
0183 FIG. 28 includes graph 2802, which shows the com 
putation for a square interconnect loop (a single turn of a 
spiral inductor, as shown in diagram 2800). In this case, the 
net impedance of the spiral computed using the exemplary 3D 
impedance extraction embodiment disclosed herein is 
obtained by considering a series combination of the two 
orthogonal current loops (shaded with different colors in the 
diagram 2800 of FIG.28). Note that orthogonal loops have no 
mutual impedance. It is observed that the effect of the sub 
strate on both the real and imaginary parts of impedance 
increases substantially with frequency, and the exemplary 3D 
impedance extraction embodiment computation agrees well 
with Fasthenry over the entire frequency range. FIG. 29 
includes a graph 2900, which compares the network Z-pa 
rameter (Z) for the same configuration as in diagram 2800 
to that obtained from the commercial full-wave field solver, 
HFSS. The equivalent circuit to compute Z using the exem 
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plary 3D impedance extraction embodiment (including 
capacitance of the conductor loops obtained using FastCap) is 
shown alongside. 
(0.184 Graph 3002 of FIG. 30 shows the impedance com 
putation for a 3-turn spiral inductor (shown in diagram 3000), 
where each turn is a square. In this case, the self impedance of 
each turn (square) is computed as explained in the case of 
FIG. 28. In addition, the mutual impedance between all the 
turns is also considered. The mutual impedance computation 
between parallel two-conductor loops has been derived in 
Section III.B., while the mutual impedance between perpen 
dicular loops is Zero as explained before. 
0185. IV. Exemplary Methods for Applying the Disclosed 
Technology 
0186. In this section, exemplary methods for applying 
embodiments of the disclosed technology are disclosed. The 
disclosed methods are not to be construed as limiting, how 
ever, as aspects of the disclosed technology can be applied to 
an impedance extraction flow in a variety of manners. 
0187 FIG. 38 is a block diagram 3800 showing a high 
level block diagram illustrating an exemplary embodiment of 
an overall extraction flow in which embodiments of the dis 
closed technology can be used. In particular, the block dia 
gram 3800 illustrates the files used during one exemplary 
technique in region 3810, the general procedures performed 
in region 3812 (which may be performed, for example, by 
separate software components or modules or by the same 
Software component or modules), and the files and data struc 
tures generated during the implementation of the exemplary 
embodiment in region 3814. 
0188 At 3820, a layout file 3821 is received and loaded 
(e.g., a GDSII or an Oasis file) and a layout-versus-Schematic 
procedure performed. The layout-versus-Schematic proce 
dure compares the designer's intent netlist with that extracted 
from the geometrical layout database (e.g., the GDSII or 
Oasis file) and constructs a connectivity-aware physical rep 
resentation of the circuit (shown as the persistent hierarchical 
database (“PHDB) 3850). This file preserves the initial hier 
archy of the design. One or more SVRF rules files 3822 can 
also be used during this procedure. 
0189 At 3824, an interconnection recognition and capaci 
tance extraction procedure is performed. For example, the 
PHDB can be processed in order to extract geometrical infor 
mation about the conductors (e.g., interconnect wires). 
According to one exemplary embodiment, shapes in the 
PHDB belonging to wire paths or nets are broken (or frac 
tured) in Such a way as to have straight segments of wire with 
their entire volume in the same layer and with constant width. 
In the illustrated embodiment, the database “Parasitic Data 
base” (PDB) 3852 is generated. In the illustrated embodi 
ment, capacitance extraction is also performed, resulting in 
capacitance values C for the capacitance to ground for each 
wire segment and values CC for the coupling capacitance 
among signal-wire segments being stored in the PDB 3852. 
0190. At 3826, impedance extraction is performed. 
Impedance extraction can be performed using any of the 
exemplary techniques described herein. In the illustrated 
embodiment, an SVRF and impedance rule file 3827 is used 
in connection with the impedance extraction. The file 3827 
can contain, for example, information about the electrical 
parameters in the circuit layout. For instance, information 
about a desired frequency of operation or range offrequencies 
for the circuit layout, conductivities of the conductors (O), 
electrical permitivities (e), and/or magnetic permeabilities (L) 
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can be stored and retrieved from the file 3827. Additionally, a 
substrate information file 3830 comprising data about the 
substrate over or under which the circuit layout is to be 
implemented is also used in connection with impedance 
extraction 3826. The substrate information file 3830 can 
include information about the resistivity, dielectric constant, 
and thickness of each layer of the substrate. This information 
can be part of a separate technology file (as shown) or 
included with the SVRF and impedance rule file. As illus 
trated in the PDB3854 (updated from the PDB 3852), imped 
ance extraction generates resistance R, select inductance L. 
and mutual inductance M values. 
0191 At 3828, a netlist generation procedure is performed 
to create a representation of the electrical characteristics of 
the layout using the R. L. M. C., and CC values stored in the 
PDB 3854. A netlist 3856 representative of the electrical 
characteristics (e.g., a Spice or Spice-like netlist) is generated 
and stored. The netlist 3856 can subsequently be used to 
perform, for example, timing simulation to help verify the 
physical design of the circuit. 
0192 The above-described flow should not be construed 
as limiting in any, however, as in other exemplary embodi 
ments, any Subset of these method acts is performed. In still 
other embodiments, any one or more of the method acts are 
performed individually or in various other combinations and 
Subcombinations with one another. 
(0193 FIG. 39 is a flowchart of one exemplary method 
3900 for generating a representation of a multi-layer sub 
strate's contribution to a Green's function as can be used to 
perform impedance extraction according to the exemplary 2D 
or 3D impedance extraction embodiments described above. 
The particular method shown in FIG. 39 should not be con 
Strued as limiting in any way, as any of the illustrated method 
acts that are shown in FIG. 39 can be performed alone or in 
various other combinations and Subcombinations. 

0194 At3910, information about a substrate over or under 
which a circuit layout is to be implemented is received (e.g., 
buffered or loaded in computer memory). The substrate infor 
mation can include the resistivity, dielectric constant, and 
thickness of each layer of the substrate and can be part of a 
separate technology file. 
0.195 At 3912, parameters for an approximation of a 
multi-layer substrate's contribution to a Green's function 
(e.g., a Green's function due to a magnetic dipole source) are 
computed (e.g., using a computer processor). In some 
embodiments, for example, this process can involve fitting 
parameters for the approximation (e.g., using VARPRO or its 
equivalent to fit the parameters used for g(w) in Expression 
(22) in the 2D impedance extraction embodiment or for Xy in 
Expression (41) in the 3D impedance extraction embodi 
ment). For instance, in particular implementations, the exem 
plary 2D impedance extraction embodiment disclosed above 
can be implemented using the flow 3900, in which case the 
approximation corresponds to (or is equivalent to) Expression 
(22) discussed in Section II.C.1. The example 3D impedance 
extraction embodiment disclosed above can also be imple 
mented using the flow 3900, in which case the approximation 
corresponds to (or is equivalent to) Expression (41) discussed 
in Section III.A.2 and III.C.1. Expressions (22) and (41) both 
approximate the substrate's contribution to the Green's func 
tion as a series of images of a dipole current source. More 
specifically, Expressions (21) and (41) both approximate the 
substrate's contribution to the Green's function as the com 
bined effect of a series of complex exponentials. In both the 
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exemplary 2D impedance extraction embodiment and the 
exemplary 3D impedance extraction embodiment, the param 
eters to be computed at 3912 are K. C., and B. To compute the 
parameters C and f, a non-linear least squares fitting tech 
nique can be used. For example, the Variable Projections 
method discussed above in Section II.C.2 (for the 2D 
approach) and in Section III.C.1.a (for the 3D approach) can 
be used. Furthermore, and as more fully shown below with 
respect to FIG. 41, the parameter set K. C., and B used in the 
approximation of the substrate's contribution to the Green's 
function are frequency dependent. Thus, the parameters can 
be computed for each frequency of interest in a range of 
frequencies. For instance, in one particular implementation, 
an initial frequency in the range of frequencies is selected 
(e.g., the highest frequency, the lowest frequency, a random 
frequency, or some other predetermined frequency in the 
range). Then, the value of the exponential K is selected (e.g., 
the lowest value of K, the highest value of K, a random value 
of K, or some other predetermined value of K). The values of 
C and 3 can then be initially set (e.g., to a random value, 1. 
0, or other predetermined value). A random distribution of 
points in w space is generated and a best fit for C and B is 
determined (e.g., using VARPRO). This process can be 
repeated for the other values of K at the same frequency. The 
frequency can be decremented or incremented by a fixed 
amount, and the fitting process can be repeated using the best 
fits from the former frequency as the starting values. This 
technique can be continued until all desired frequencies in the 
range are considered. 
0196. At 3914, a representation of the multi-layer sub 
strate's contribution to the Green's function is generated from 
the parameters computed at 3912 (e.g., using a computer 
processor). For instance, for the exemplary 2D impedance 
extraction embodiment, the representation gy (W) shown in 
Expression (22) can be generated. Expression (22) is dis 
cussed in more detail at Section II.C.1 above. For the exem 
plary 3D impedance extraction embodiment, the representa 
tion X in Expression (41) can be generated. Expression (41) 
is discussed in more detail in Section III.A.2 above. 
(0197). At 3916, the representation of the multi-layer sub 
strate's contribution to the Green's function is stored. For 
example, the representation can be stored in one or more 
computer-readable storage media (e.g., volatile or nonvolatile 
memory or storage). As noted, the parameters C and 3 are 
not dependent on the circuit layout to be implemented above 
or beneath the multi-layer substrate. That is, the parameters 
are dependent only on the electrical characteristics of the 
substrate. Thus, the representation of the substrate's contri 
bution to the Green's function (e.g., gy (W) of Expression (22) 
or X of Expression (41)) stored at 3916 can be used for 
different circuit layouts over the same substrate. The Green's 
function can be computed using the representation and will 
typically depend on the coordinates of the source and victim 
wires in the layout. 
(0198 FIG. 40 is a flowchart of one exemplary method 
4000 for using a Green's function representation to perform 
impedance extraction for a circuit layout. The particular 
embodiment shown in FIG. 40 should not be construed as 
limiting in any way, as any of the illustrated method acts that 
are shown in FIG. 40 can be performed alone or in various 
other combinations and Subcombinations. 

0199. At 4010, circuit layout information is received (e.g., 
buffered or loaded into computer memory). The circuit layout 
information can comprise, for example, a GDSII or Oasis file. 
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Furthermore, the circuit layout information can be fractured 
circuit layout information comprising information about 
straight signal-wire segments in the circuit layout. Such infor 
mation can be obtained, for example, from the PDB database. 
0200. At 4012, bundles are generated from the signal 
wires and their neighboring power and ground wires in the 
fragmented circuit layout (e.g., using a computer processor). 
For instance, in one exemplary embodiment, for one or more 
of the signal-wire path segments, the closest return paths are 
identified. Furthermore, in particular embodiments, the clos 
est return paths up to a number n are identified. The number n 
can be, for example, a predetermined number or a user-de 
fined number. In certain embodiments, 3D scanning is per 
formed to identify the return paths. The 3D scan can be 
performed in two separate Sweeps of the geometry of a wire 
path: one in the X direction, the other in the Y direction. 
Bundles can be generated for one or more of the signal-wire 
segments. Bundle generation can be performed using the n 
return paths identified. Additional details regarding bundle 
generation are described in U.S. Patent Application No. 2007/ 
0226659 filed on Feb. 8, 2007 and entitled “Extracting High 
Frequency Impedance in a Circuit Design Using an Elec 
tronic Design Automation Tool, which is hereby incorpo 
rated herein by reference. As more fully explained in U.S. 
Patent Application Publication No. 2007/0226659, bundle 
generation produces systems of signal-wire segments and 
return-path segments (from among the neighboring ground 
wire segments and power-wire segments) that have the same 
length as and are parallel to the signal-wire segment. Bundle 
generation can be repeated as necessary for new signal-wire 
segments created during the bundling process. 
0201 At 4014, impedance values for the bundles can be 
computed using a representation of Green's function. The 
impedance values can be computed, for example, according 
to any one or more of the expressions and techniques 
described in Section II.D above (for the exemplary 2D imped 
ance extraction embodiment) or Section III.B.3 and III.C.2 
(for the exemplary 3D impedance extraction embodiment). In 
the 2D impedance extraction embodiment, for example, the 
Green's function representation can be computed according 
to Expressions (13) and (14), where the substrate's contribu 
tion g(w) is computed according to Expression (22) and 
generated using the method shown in the flowchart 3900. In 
the 3D impedance extraction embodiment, the Green's func 
tion representation can be computed according to Expression 
(40), where the Substrate's contribution X is computed 
according to Expression (41)) and generated using the 
method shown in the flowchart 3900. 
0202 At 4016, the impedance values computed at 4014 
are output. For example, the impedance values can be stored 
in one or more computer-readable storage media (e.g., vola 
tile or nonvolatile memory or storage). The impedance values 
can be stored, for example, as part of an impedance matrix. 
The impedance values can further be included as part of a 
Spice or Spice-like netlist used to represent the electrical 
characteristics of the circuit layout at multiple frequencies. 
The impedance values can also be used to generate a Touch 
stone file, which also represents the electrical characteristics 
of the circuit layout for multiple frequency points. 
0203 FIG. 41 is a flowchart of an exemplary method 4100 
for computing the parameters of an approximation of a Sub 
strate's contribution (e.g., a multi-layer Substrate's contribu 
tion) to the Green's function (e.g., a Green's function due to a 
magnetic dipole source in the presence of a multi-layer Sub 
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strate). The approximation of the substrate's contribution to 
the Green's function can be, for example, g(w) of Expression 
(22) (for the 2D embodiment) or X of Expression (41) (for 
the 3D embodiment). The method 4100 can be used at 3912 of 
method 3900 and can be performed for either of the exem 
plary 2D or 3D impedance extraction embodiments described 
above. Furthermore, the method 4100 represents a more gen 
eral version of the method 2400 shown in FIG. 24. Any of the 
particular acts shown in method 2400 can be incorporated 
into the method acts illustrated in FIG. 41. The particular 
embodiment shown in FIG. 41 should not be construed as 
limiting in any way, as any of the illustrated method acts that 
are shown in FIG. 41 can be performed alone or in various 
other combinations and Subcombinations. 

0204 At 4110, substrate profile information and an indi 
cation of the frequency range of interest are received (e.g., 
buffered or loaded in computer memory). The substrate pro 
file information can include the resistivity, dielectric con 
stant, and thickness of each layer of the Substrate and can be 
part of a separate technology file. The frequency range of 
interest can be a predetermined frequency range or input by a 
user. Furthermore, the number of frequencies in the range to 
be analyzed, the differences between the frequencies to be 
analyzed, or the specific identity of the frequencies to be 
analyzed can also be received at 4110 (e.g., from a user or 
according to a predetermined setting). 
0205 At 4112, a first frequency in the range is selected. In 
particular embodiments, the frequency selected is the highest 
frequency in the range. 
0206. At 4114, parameters in the approximation of the 
substrate's contribution to the Green's function are computed 
(e.g., using a computer processor). For instance, the param 
eters can be parameters in one or more exponentials (e.g., K 
exponentials) that are used to represent the Substrate's con 
tribution to the Green's function (e.g., parameters Cand B of 
Expression (22), (41), or their equivalent). The exponentials 
can correspond, for example, to the complex images of a 
Source magnetic dipole, whose linear combination Sum 
approximates g(w) of Expression (22) or Xy of Expression 
(41). The computation at 4114 can be performed, for instance, 
using a non-linear least squares fitting technique (such as the 
Variable Projections method) for the selected frequency, and 
can be performed until a desired accuracy is reached. 
0207. At 4116, a determination is made as to whether 
parameters for the approximation of the substrate's contribu 
tion to the Green's function at all desired frequencies in the 
range have been computed (e.g., using a computer processor). 
If not, then a next frequency in the range is selected at 4118, 
and the parameters are computed for the next frequency at 
4114. If the parameters have been computed for all the desired 
frequencies, then the parameters are output at 4120 and asso 
ciated with the substrate described by the substrate informa 
tion. For example, the parameters can be stored in one or more 
computer-readable storage media (e.g., volatile or nonvolatile 
memory or storage). The parameters might be stored, for 
instance, as a Substrate-specific file that can be used and 
reused for a variety of different circuit layouts to be imple 
mented over or under a substrate having the same Substrate 
profile. 
(0208 FIG. 42 is a flowchart of an exemplary method 4200 
for performing either or both of a first or second impedance 
extraction technique for circuit layouts in the presence of a 
multi-layer Substrate depending on geometrical properties of 
the layout under consideration. The first impedance extrac 
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tion technique can be an impedance technique that is compu 
tationally efficient but less accurate for certain geometries, 
whereas the second impedance extraction technique can be 
less computationally efficient but more accurate for certain 
geometries. For example, in one particular implementation, 
the first impedance extraction technique can be the exemplary 
2D impedance extraction embodiment disclosed herein, 
whereas the second impedance extraction impedance extrac 
tion technique can be the exemplary 3D impedance extraction 
technique disclosed herein. 
0209. At 4210, circuit layout and substrate profile infor 
mation is received (e.g., buffered or loaded into computer 
memory). The circuit layout information can comprise, for 
example, a layout file (e.g., a GDSII or Oasis file). Further 
more, the circuit layout information can be fractured circuit 
layout information comprising information about straight 
signal-wire segments in the circuit layout. Such information 
can be obtained, for example, from the PDB database. The 
substrate profile information can include the resistivity, 
dielectric constant, and thickness of each layer of the Sub 
strate and can be part of a separate technology file. 
0210. At 4212, signal-wire segments in the circuit layout 
are partitioned into bundles (e.g., using the process described 
above for process block 4012) and the transverse separations 
between the signal-wire segments of the bundles and the 
neighboring return paths are determined. Based on this evalu 
ation, signal wires are identified that have a length that is 
Some predetermined threshold greater than (or other equiva 
lent operation) the transverse distance to the nearest return 
path (which can be, for example, another conductor Such as a 
ground wire or other signal-wire segment). The signal-wire 
segments of such bundles can said to be “long in comparison 
to the transverse distance separating them from their nearest 
return paths. For example, in certain implementations, the 
predetermined threshold is 20, such that bundles with signal 
wires having a length that is greater than 20 times the trans 
verse distance to their nearest return path are identified. Like 
wise, bundles with signal wires that have a length that is some 
predetermined threshold less than or equal to (or other 
equivalent operation) the transverse distance to their nearest 
return path are identified. The signal-wire segments of Such 
bundles can be said to be “short in comparison to the dis 
tance separating the segments from their nearest return paths. 
0211. At 4214, a first impedance extraction technique is 
performed (e.g., using a computer processor) to compute 
impedance values for the bundles with signal-wire segments 
having lengths that are greater than the predetermined thresh 
old (e.g., greater than 20 times the transverse distance to the 
nearest neighboring return path). The first impedance extrac 
tion technique can favor computational efficiency over accu 
racy (such as the exemplary 2D impedance extraction tech 
nique described herein). 
0212. At 4216, a second impedance extraction technique 

is performed (e.g., using a computer processor) to compute 
impedance values for the bundles with signal-wire segments 
having lengths that are less than or equal to the predetermined 
threshold (e.g., 20 times or less than the transverse distance to 
the nearest neighboring return path). The second impedance 
extraction technique can favor accuracy over computational 
efficiency (Such as the exemplary 3D impedance extraction 
technique described herein). In the case of interconnects, one 
can restrict the use of the second impedance extraction tech 
nique to improve on the accuracy of the most important self 
impedance terms of short wires. For these wires, one can add 
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the forward mutual impedance computations involving the 
same wire to correct for 3D effects on short wires. 
0213. At 4218, the impedance values computed by the first 
and second impedance extraction techniques for the respec 
tive bundles can be merged or otherwise integrated into a 
single representation of impedance values. For instance, in 
one embodiment, the 2D scheme can be used for wire seg 
ments for which significant reactance can be expected, with 
the self inductance terms in the resulting matrix being 
improved with the addition of forward inductance computa 
tions for the same net. The impedance values can be repre 
sented by impedance matrices, whose real part contains the 
dynamic resistance values (which take into account skin, 
proximity, and Substrate effects) and whose imaginary part 
contains the self and mutual inductances for the frequency 
(c)). The matrix representation of impedance values can be 
stored in one or more computer-readable storage media (e.g., 
Volatile or nonvolatile memory). The impedance values can 
also be included, for example, as part of a Spice or Spice-like 
netlist used to represent the electrical characteristics of the 
circuit layout. The impedance values can further be used to 
generate a Touchstone file, which also represents the electri 
cal characteristics of the circuit layout for multiple frequency 
points. 
0214 FIG. 43 is a flowchart of an exemplary method 4300 
for performing the 3D impedance extraction technique dis 
closed herein for circuit layouts having intentional inductors 
in the presence of a multi-layer substrate. The particular 
embodiment shown in FIG. 43 should not be construed as 
limiting in any way, as any of the illustrated method acts that 
are shown in FIG. 43 can be performed alone or in various 
other combinations and Subcombinations. 
0215. At 4310, circuit layout and substrate profile infor 
mation is received (e.g., buffered or loaded into computer 
memory). The circuit layout information can comprise, for 
example, a layout file (e.g., a GDSII or Oasis file). Further 
more, the circuit layout information can include information 
about the location and geometry of one or more intentional 
inductors located in the circuit layout. Such information can 
be obtained, for example, from the PDB database. The sub 
strate profile information can include the resistivity, dielectric 
constant, and thickness of each layer of the Substrate and can 
be part of a separate technology file. 
0216. At 4312, the one or more intentional inductors are 
identified in the circuit layout. For example, in certain 
embodiments, the intentional inductors can be identified by 
the geometry of the inductor (e.g., a coiling conductor) or by 
Some other indication in the circuit layout information (e.g., a 
name, identification number, flag, field, or the like). 
0217. At 4314, impedance extraction technique is per 
formed for the one or more intentional inductors (e.g., using 
a computer processor). For example, in one particular 
embodiment, the 3D impedance extraction technique dis 
closed herein is performed for each of the intentional induc 
tors identified. The impedance values for any one or more of 
the inductors can be represented by an impedance matrix. 
This representation of impedance values can be stored in one 
or more computer-readable storage media (e.g., volatile or 
nonvolatile memory). The impedance values can be included, 
for example, as part of a Spice or Spice-like netlist used to 
represent the electrical characteristics of the circuit layout. 
The impedance values can also be used to generate a Touch 
stone file, which also represents the electrical characteristics 
of the circuit layout. 
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0218. V. Exemplary Network Environments for Applying 
the Disclosed Techniques 
0219. Any of the aspects of the technology described 
above may be performed using a distributed computer net 
work. FIG. 34 shows a simplified embodiment of one such 
exemplary network. A server computer 3400 can have an 
associated storage device 3402 (internal or external to the 
server computer). For example, the server computer 3400 can 
be configured to perform impedance extraction according to 
any of the disclosed embodiments (e.g., as part of an EDA 
software tool). The server computer 3400 can be coupled to a 
network, shown generally at 3404, which can comprise, for 
example, a wide-area network, a local-area network, a client 
server network, the Internet, or other such network. One or 
more client computers, such as those shown at 3406,3408, 
may be coupled to the network 3404 using a network proto 
col. The work may also be performed on a single, dedicated 
workstation, which has its own memory and one or more 
CPUS. 

0220 FIG. 35 shows another exemplary network. One or 
more computers 3502 communicate via a network 1304 and 
form a computing environment 3500 (e.g., a distributed com 
puting environment). Each of the computers 3502 in the com 
puting environment 3500 can be used to perform at least a 
portion of the impedance extraction techniques according to 
any of the disclosed embodiments (e.g., as part of an EDA 
software tool). The network 3504 in the illustrated embodi 
ment is also coupled to one or more client computers 3508. 
0221 FIG. 36 shows one exemplary manner in which 
impedance extraction can be performed using a remote server 
computer (such as the server computer 3400 shown in FIG. 
34) or a remote computing environment (such as the comput 
ing environment 3500 shown in FIG. 35) using any of the 
embodiments disclosed herein. At process block 3602, for 
example, the client computer sends or transmits the circuit 
layout information along with the multi-layer substrate infor 
mation to the remote server or computing environment. In 
process block 3604, the layout and substrate information is 
received and loaded by the remote server or by respective 
components of the remote computing environment. In pro 
cess block 3606, impedance extraction is performed using 
any of the disclosed embodiments. At process block 3608, the 
remote server or computing environment sends the resulting 
impedance information (e.g., the resulting impedance matrix 
or Spice (or Spice-like) netlist) to the client computer, which 
receives the data at process block 3610. It should be apparent 
to those skilled in the art that the example shown in FIG. 36 is 
not the only way to perform impedance extraction using 
multiple computers. For instance, the circuit layout and Sub 
strate information may be stored on a computer-readable 
medium that is not on a network and that is sent separately to 
the server or computing environment (e.g., a CD-ROM, 
DVD, or portable hard drive). Or, the server computer or 
remote computing environment may perform only a portion 
of the impedance extraction procedures. 
0222 FIG. 37 shows one exemplary manner in which 
computer-executable instructions for performing any of the 
disclosed embodiments can be transmitted, accessed, or 
received using a remote server computer (Such as the server 
computer 3400 shown in FIG. 34) or a remote computing 
environment (such as the computing environment 3500 
shown in FIG. 35). At process block 3702, for example, the 
client computer sends a request to download computer-ex 
ecutable instructions for performing any of the disclosed 
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methods or techniques (e.g., after purchasing a license to a 
physical verification or impedance extraction tool). In pro 
cess block 3704, the request is received by the remote server 
or by respective components of the remote computing envi 
ronment. In process block 3706, the remote server or com 
puting environment transmits computer-executable instruc 
tions for performing any of the disclosed methods or 
techniques (e.g., computer-executable instructions for imple 
menting any of the impedance extraction embodiments on a 
computer). At 3708, the computer-executable instructions are 
received (e.g., stored, buffered, and/or executed) by the client 
computer. 
0223 Having illustrated and described the principles of 
the illustrated embodiments, it will be apparent to those 
skilled in the art that the embodiments can be modified in 
arrangement and detail without departing from Such prin 
ciples. For example, any of the disclosed techniques can be 
used in conjunction with or in addition to the methods 
described in U.S. Patent Application Publication No. 2007/ 
0226659 filed on Feb. 8, 2007 and entitled “Extracting High 
Frequency Impedance in a Circuit Design Using an Elec 
tronic Design Automation Tool, which is hereby incorpo 
rated herein by reference. In view of the many possible 
embodiments, it will be recognized that the illustrated 
embodiments are only examples and should not be taken as a 
limitation on the scope of the disclosed technology. 

What is claimed is: 
1. One or more computer-readable storage media storing 

computer-executable instructions which when executed by a 
computer cause the computer to perform a method, the 
method comprising: 

receiving semiconductor chip design information, the 
semiconductor chip design information comprising Sub 
strate profile information indicating electrical character 
istics of a multi-layer substrate over or under which a 
circuit design is to be implemented; 

computing parameters for an approximation of the multi 
layer substrate's contribution to a Green's function at 
one or more frequencies of interest; 

generating a representation of the multi-layer Substrate's 
contribution to the Green's function using the computed 
parameters; 

computing impedance values for signal-wire segments in 
the circuit design using the representation of the multi 
layer substrate's contribution to the Green's function; 
and 

outputting the impedance values. 
2. The one or more computer-readable media of claim 1, 

wherein the outputting comprises storing the impedance val 
ues in computer memory or storage. 

3. The one or more computer-readable media of claim 1, 
wherein the signal-wire segments in the circuit design com 
prise signal-wire segments for an intentional inductor. 

4. The one or more computer-readable media of claim 1, 
wherein the act of computing parameters for the approxima 
tion of the multi-layer substrate's contribution to the Green's 
function is performed for a plurality offrequencies of interest. 

5. The one or more computer-readable media of claim 1, 
wherein the act of computing the parameters comprises fitting 
a non-linear least squares problem. 

6. The one or more computer-readable media of claim 1, 
wherein the act of computing the parameters comprises using 
a variable projection technique. 
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7. The one or more computer-readable media of claim 1, 
wherein the method further comprises receiving circuit 
design information comprising information indicative of a 
geometric layout of at least signal-wire segments and ground 
wire segments in the circuit design. 

8. The one or more computer-readable media of claim 7. 
wherein the circuit design is a first circuit design, wherein the 
circuit design information is first circuit design information, 
wherein the geometric layout is a first geometric layout, and 
wherein the method further comprises: 

receiving second circuit design information, the second 
circuit design information comprising information 
indicative of a second geometric layout of at least signal 
wire segments and ground-wire segments in a second 
circuit design; and 

reusing the parameters for the approximation of the multi 
layer substrate's contribution to the Green's function to 
compute impedance values for the signal-wire segments 
in the second circuit design. 

9. The one or more computer-readable media of claim 1, 
wherein the method further comprises modifying the circuit 
design based at least in part on the computed impedance 
values. 

10. The one or more computer-readable media of claim 1, 
wherein the outputting comprises generating a netlist repre 
sentative of electrical characteristics of the circuit design, the 
netlist including the impedance values. 

11. The one or more computer-readable media of claim 10, 
wherein the circuit design comprises an intentional inductor, 
and wherein the netlist comprises information about a resis 
tance part and a reactance part of the electrical characteristics 
exhibited by the intentional inductor. 

12. The one or more computer-readable media of claim 1, 
wherein the impedance values comprise mutual impedance 
values and self impedance values. 

13. One or more computer-readable storage media storing 
computer-executable instructions which when executed by a 
computer cause the computer to perform a method, the 
method comprising: 

receiving semiconductor chip design information, the 
semiconductor chip design information comprising Sub 
strate profile information for a substrate over or under 
which a circuit design is to be implemented; 

generating a representation of electrical effects of the Sub 
strate at an operating frequency of interest, the represen 
tation representing the electrical effects of the substrate 
as a combined effect of a linear combination of complex 
exponentials; and 

storing the representation of the electrical effects of the 
Substrate. 

14. The one or more computer-readable media of claim 13, 
wherein each of the complex exponentials includes unknown 
parameters, and wherein the method further comprises com 
puting values of the unknown parameters using a non-linear 
least squares fitting technique. 

15. The one or more computer-readable media of claim 13, 
wherein the complex exponentials correspond to vector 
potentials caused by Source magnetic dipoles. 

16. The one or more computer-readable media of claim 13, 
wherein the substrate has multiple layers. 

17. The one or more computer-readable media of claim 13, 
wherein the method further comprises repeating the acts of 
generating and storing for multiple other operating frequen 
cies of interest. 
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18. The one or more computer-readable media of claim 13, 
wherein the method further comprises: 

receiving layout information indicative of at least signal 
wire segments in a circuit design; 

computing impedance values for the signal-wire segments 
in the circuit design using the representation of the elec 
trical effects of the Substrate at the operating frequency 
of interest; and 

storing the impedance values for the signal-wire segments 
in the circuit design. 

19. One or more computer-readable storage media storing 
computer-executable instructions which when executed by a 
computer cause the computer to perform a method, the 
method comprising: 

receiving layout information indicative of at least signal 
wire segments in a circuit design; 

identifying at least one signal-wire segment having a 
length that exceeds a transverse distance to a nearest 
neighboring return path by more than a threshold 
amount; 

performing a first impedance extraction technique for the 
identified at least one signal-wire segment, the first 
impedance extraction technique generating a first repre 
sentation of impedance effects in the circuit design; and 

performing a second impedance extraction technique for 
other signal-wire segments in the circuit design, the 
second impedance extraction technique generating a 
second representation of the impedance effects in the 
circuit design, 

wherein the first impedance extraction technique and the 
second impedance extraction technique both account for 
electrical effects caused by a multi-layer substrate, and 

wherein the first impedance extraction technique is com 
putationally more efficient but less accurate than the 
second impedance extraction technique. 

20. The one or more computer-readable media of claim 19, 
wherein the method further comprises merging the first rep 
resentation with the second representation to generate a com 
plete representation of the impedance effects in the circuit 
design. 

21. The one or more computer-readable media of claim 19, 
wherein the first impedance extraction technique uses an 
approximation of a two-dimensional Green's function and the 
second impedance extraction technique uses an approxima 
tion of a three-dimensional Green's function. 

22. The one or more computer-readable media of claim 19, 
wherein the first impedance extraction technique and the 
second impedance extraction technique do not represent the 
multi-layer Substrate as a plurality of filaments. 

23. The one or more computer-readable media of claim 19, 
wherein the threshold amount is 20 times the transverse dis 
tance to the nearest neighboring return path. 

24. The one or more computer-readable media of claim 19, 
wherein the identified at least one signal-wire segment is part 
of abundle. 

25. One or more computer-readable storage media storing 
computer-executable instructions which when executed by a 
computer cause the computer to perform a method, the 
method comprising: 

receiving layout information indicative of at least signal 
wire segments in a circuit design and Substrate profile 
information indicative of electrical characteristics of a 
substrate over which the circuit design is to be imple 
mented; 
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performing impedance extraction using the layout infor 
mation and the substrate profile information, wherein 
the impedance extraction generates a plurality of imped 
ance values for the signal-wire segments and wherein 
the substrate is not represented by a plurality of fila 
ments during the impedance extraction; and 

generating a representation of electrical characteristics of 
the circuit design, the representation comprising the 
impedance values. 

26. The one or more computer-readable media of claim 25, 
wherein the impedance extraction is performed using an 
approximation of a Green's function in the presence of the 
substrate. 
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27. The one or more computer-readable media of claim 26, 
wherein the Green's function is due to a magnetic dipole. 

28. The one or more computer-readable media of claim 25, 
wherein the impedance extraction is performed using a rep 
resentation of the Substrate comprising a Superposition of 
complex exponentials. 

29. The one or more computer-readable media of claim 25, 
wherein the substrate is a multi-layer substrate. 

30. The one or more computer-readable media of claim 25, 
wherein the representation of the electrical characteristics of 
the circuit design is a netlist that includes the impedance 
values. 


